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ABSTRACT 
This thesis describes studies on carbon formation from 
light hydrocarbons 	in the absence and presence of 
hydrogen, over foils of a selection of group VIII (Fe, Co, 
Ni, Pd, Pt) and IB (Cu, Ag, Au) metals for the range of 
temperatures 300°C to 800°C. The study has covered both 
the kinetics of the deposition and the structure and 
properties of the deposit formed. 
The kinetic studies were carried out in a static system 
using a vacuum microbalance and on-line chromatography. 
The deposition of carbon was continuously recorded as a 
function of time at various pressures and temperatures. 
Particularly detailed kinetic studies were carried out using 
acetylene and various olefins over nickel foils in the 
temperature range 300-600°C. The effect of temperature was 
tested in temperature programmed experiments from which 
interesting Arrhenius plots were obtained. The effect of 
varying the pressure of the reactants or of additives was 
examined, and the orders of reaction were evaluated over a 
wide range of experimental conditions. 
The micro-structure of the deposits formed was also studied 
using several electron-optical techniques, by electron and 
x-ray diffraction and by other analytical techniques. 
The kinetic studies have shown that the only metals with 
good activity for carbon formation below 600°C are iron, 
cobalt and nickel. Deposition of carbon is fast from 
unsaturated hydrocarbons in the presence of hydrogen. The 
deposition is autocatalytic and a steady-state rate of 
deposition is eventually observed. The rate under steady-
state conditions was found to have a maximum in the region 
525-550°C, and has zero order with respect to the hydro-
carbon below this temperature and order one above. The 
effect of pre-treatment on the initial stages of deposition 
and on the kinetics of the initial acceleratory period was 
also studied. The results are discussed in terms of 
Langmuir-Hinshelwood concepts and crystal growth theories 
and alternative models are suggested to describe the results. 
The role of possible metal carbides in the deposition is 
also discussed in the light of the electron diffraction and 
x-ray studies. The structure and properties of the deposits 
are compared with those reported for carbon formation 
... 
studies in other systems. 
A review of the literature on catalytic carbon formation is 
included in the introduction and the results of the present 
work are compared with results in other systems. 
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CHAPTER I.1 
INDUSTRIAL AND TECHNOLOGICAL IMPORTANCE OF CARBON 
The industrial and technological importance of carbon can 
hardly be exaggerated, either because its formation is a 
nuisance in catalytic and other systems or due to the 
extraordinary properties of carbon in its different forms. 
"The structure of carbon has intrigued crystallographers 
for decades. Part of the fascination stems from the 
fact that, in addition to its two well-defined allo-
tropic forms, diamond and graphite, carbon can take 
any number of quasi-crystalline forms ranging contin-
uously from the near amorphous to the highly crystal-
line graphitic state" (BOKROS - 1969). 
The production of carbon for industrial purposes includes 
baked and graphitized carbons from petroleum or coke used 
to make electrodes, brushes, resistors and heating elements, 
together with carbon black from acetylene or natural gas 
to supply the paint and the rubber industries. As a 
refractory, carbon is used in different forms for various 
applications, from crucibles to rocket nozzles. The so-
called active carbon is a catalyst as well as an absorbent, 
with application in many industries. Particular interest 
has also been focussed on the use of carbon in carbon 
fibres, as a moderator in nuclear reactors and in graphite 
composites (UBBELOHDE - 1968,CAHN and HARRIS - 1969). 
Areas in which carbon formation is undesirable are not of 
10 
11 
less importance. In internal combustbn engines, carbon 
formation results in decreased efficiency and increased 
pollution. In catalytic processes, the fouling of the cat-
alysts frequently causes problems, reducing the activity 
and necessitating regene'ration of the catalyst. Sometimes 
a complete regeneration is not possible and eventually the 
catalyst has to be replaced. This is a common problem in 
cracking, reforming, steam-reforming, dehydrogenation and 
Fisher-Tropsch processes. In heat exchangers, burners, 
metal pipes, reactor walls and hot surfaces in general, 
carbon formation is frequent with some mixtures, and gives 
rise to corrosion and obstruction effects, as well as 
decreasing heat transfer through the wall.., In high temper-
ature nuclear reactors, impurities in the helium coolant 
lead to problems of "carbon transport" (EVERETT et al - 1968), 
where carbon is chemically attacked to produce a gas which 
can deposit carbon elsewhere. 
It is clear that a good understanding of the mechanisms of 
carbon formation is necessary in order to control the pro-
cess, either to optimize production conditions or to minim-
ize, if not avoid, undesii,able carbon deposition. 
CHAPTER 1.2 
THERMODYNAMICS OF CARBON FORMATION 
Thermodynamic data show that decomposition of hydrocarbons 
to give carbon and hydrogen may occur at any temperature 
above room temperature, with the exception of methane, the 
inversion temperature of which occurs at 570°C. The dia-
gram presented by PARKS and HUFFMAN (1932) is reproduced in 
FIG I.1. It enables one to predict the possible conversions 
of hydrocarbons and to compare their relative stabilities. 
More detailed information may be found in a paper by EGLOFF 
et al (1930) and in- the well-known tables by ROSSINI et al 
(1947 to date). A brief but very clear summary of the 
subject is included in a recent book by GERMAIN (1969). 
There is also a recent paper on the equilibrium in C-H 
systems by LERSMACHER et al (1967). 
Although carbon formation does occur.in many systems, direct 
equilibrium between hydrocarbons and carbon are not experi-
mentally feasible, with the exception of methane. For that 
reason not only the thermodynamics of the overall process 
but also those of the intermediate steps involved should 
be taken into account. Dehydrogenation is very likely to 
occur in many carbon formation processes, and equilibrium 
curves for the conversion of paraffins to olefins are 
reproduced in FIG 1.2. The thermodynamics of dehydrogen-
ation has been studied by several authors and reviewed by 
KEARBY (1955). A paper by FREY and HUPPKE (1933) is of 
particular interest. 
12 
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Although carbon may be the ultimate product in the process, 
other solid phases may be involved. In catalytic carbon 
formation on metals, carbides might be expected to play an 
important role. LECOANET (1968) in his recent study on 
methane decomposition and synthesis on nickel and BROMLEY 
and STRIGkLAND-CONSTABLE (1960) on carbon formation from 
carbon monoxide on nickel, have considered both the equi-
librium with carbon and with nickel carbide. 
The formation of one or more solid phases obviously complic-
ates the study of chemical equilibria; since not only the 
exact kinetics but also the phases involved and the number 
of degrees of freedom may not be known. "Failure to realize 
that an unsuspected equilibrium has been established in a 
system sometimes leads one investigator to rediscover, the 
hard way, the second law of thermodynamics" (CASTELLAN 
1964). 
14 
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CHAPTER 1.3 
THE FORMATION AND PROPERTIES OF CARBON 
Ideal graphite has an hexagonal structure with cell dimensions 
a = 2.456A°  and c = 6.696A°. The stacking of the layers is 
termed ABAB... and the interlayer distance is 3.353A°  at 
room temperature. Because of the* magnitude of this distance, 
the interlayer bonding is of the weak Van der Waal's type. 
Another less common type of graphite was also observed, 
with an arrangement of layers 
called rhombohedral'graphite. 
reverts to the hexagonal type 
of the type ABCABC... and 
This is less stable and 
under mechanical or chemical 
treatment. Both stacking modifications coexist in natural 
graphite. 
Natural graphite is not ideal, and good three dimensional 
crystals are uncommon. Synthetic graphites have an even 
shorter range of crystalline order. In addition, the den-
sity of these graphites as evaluated from liquid or gas 
displacements is much lower than the x-ray density because 
of pore defect structures and voids in the bulk. It is 
also found that the densities measured by flotation tech-
niques are different from those measured by mercury or 
helium displacement due to the existence of pores of small 
diameters. 
Crystalline defects also occur, including point defects and 
dislocations. They are especially important in the context 
of the chemistry of graphite because they possess enlianced 
reactivity. Defects occur naturally or they can be induced 
by high energy particle bombardment. 
Amorphous carbon was found from x-ray studies to consist of 
small crystallites embedded in a mass of amorphous material. 
Within a crystallite, successive layers are in a state of 
complete disorder with respect to each other although each 
one consists of a perfect array of hexagonally arranged 
atoms. This condition was termed "turbosbatic" by BISCOE 
and WARREN (1942). As a consequence of this structure 
x-ray powder photographs show diffuse bands. 
Reviews on the application of x-rays and electron diffrac-
tion in determining the structure of carbons were given by 
FITZER et al (1955), ERGUN (1968), ROLAND (1968) and BOKROS 
(1969). A correlation between the interlayer distance de  
and three dimensional order was proposed by FRANKLIN (1951) 
d = 3.44o - 0.086 (1-102) 
where p is the probability of adjacent layers being dis-
oriented to each other. A similar expression was proposed 
by Warren defining the degree of graphitization g as the 
probability of adjacent layers being ordered. Mering corr-
ected the expression slightly and rearranged Franklin's 
equation to give: 
dc = 3.354 + 0.086 	(1-g) WARREN, MERING 
dc = 3.354 + 0.086 p2  FRANKLIN, MERING 
A correlation between dc and the crystallite dimensions La 
and Lc has also been observed. TAKAHASHI et al. (1964) 
proposed the law 
16 
dc = 3.354 + 9.5/La 	(for La > 110A°) 
which was extended to all values of La and Lc by HONDA et 
al (1968) as shown in FIG 1.3 and I.4. MAAHS (1969) presen-
ted similar curves although some minor differences were 
found. 
Obviously a relation between La and Lc also exists, and lies 
in the region: 
La = Lc to La = 3Lc 
Pyrolytic carbons are formed from carbon containing gases 
at high temperatures, either homogeneously or heterogen-
eously. The two processes give two distinct types of 
carbon (gas phase and surface), although many variations 
have been reported (CONROY et al - 1957) . In general surface 
carbons have bigger crystallites, lower interlayer distances 
and higher densities. In fact, they are closer to graphite 
than gas-phase carbon, which is produced in spherical par-
ticles with small crystallites oriented approximately 
parallel to the surface and with a variable tendency to link 
together in chain-like structures. In this case the type 
of carbon produced seems to be more dependent on reaction 
conditions (temperature, contact time, concentration) than 
on the chemical structure of the reactants. Similar carbons 
are produced in flames and again the properties of the soot 
formed are generally independent of the type of flame and 
nature of the fuel. 
KINNEY ! et al (1956) and 	CONROY et al (1957) made a 
comprehensive study of pyrolytic carbons and were able to 
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identify several types according to their macroscopic 
structure. TABLE I.1 shows values of interlayer spacings 
and crystallite dimensions for gas-phsase and surface 
carbons from different hydrocarbons. In contrast with the 
small effect of the nature of the reactant gas, TABLE 1.2 
shows the pronounced effect of temperature in the case of 
the surface carbon. If the temperature of deposition 
approaches 2000°C a high degree of order is obtained (TABLE 
1.3). 
On catalytic surfaces, particularly transition metals, car-
bon of much higher crystallinity is obtained at lower 
temperatures. WALKER et al (1959) studied carbon formation 
on iron from CO/H2 mixtures. Values for dc and Lc under 
different conditions can be seen in TABLE 1.4. 
Three dimensional order was obtained in several cases giving 
x-ray diffraction patterns analogous to graphite. Similar 
effects were observed by BANERJEE, HIRT and WALKER (1961) 
for deposition from C302 on nickel at 713°C, by LAWLESS 
and GRENGA (1966) from CO on nickel films, by KARU and 
BEER (1966) from CH4 on nickel foils at 1000°C, by IRVING 
and WALKER (1967) for direct evaporation of carbon onto 
Mo, W, Ta and Pt foils heated at 1000°C, by PRESLAND and 
WALKER (1969) from acetylene on nickel and platinum at 
1000°C, and by ROBERTSON (1969) from methane on nickel, 
cobalt and iron foils at 650-750°C. Similar degrees of 
order are only obtained non-catalytically for surface depo-
sits at 2000-2500°C, while for structural properties to be 
comparable with those of natural graphite, "graphitization" 
19 
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COMPOUND SURFACE 
dc(A°) 
CARBON 
Lc(A°)' La(A°) 
GAS-PHASE 
de(A°) 
CARBON 
Le(A°) La(A°) 
Benzene 3.49 33 56 3.66 11 48 
Toluene 3.48 29 3.61 14 
Antracene 3.52 28 51 3.71 12 36 
Naphthalene 3.50 20 56 3.68 13 40 
Methane 3.48 32 47 3.61 14 
Temperature: 1200°C 
From KINNEY (1956) and CONROY et al (1957) 	--, 
TABLE I.1 - VALUES OF CRYSTALLITE PARAMETERS IN PYROLYTIC 
CARBONS FROM VARIOUS GASES 
TEMP SURFACE CARBON GAS-PHASE CARBON 
(°C) d c‘ 	i 
fAo N Le(Ao) La(A°) dc(Ao)  Lc(Ao) La(A°) 
900 3.56 15 49 3.60 13 44 
1200 3.48 30 73 3.61 13 41 
1400 3.43 40 110 3.62 15 46 
..• 
Compound: BENZENE 
From: KINNEY (1956) and CONROY et al (1957) 
TABLE 1.2 - VARIATION OF CRYSTALLITE DIMENSIONS AND INTERLAYERS 
SPACING WITH TEMPERATURE. 
TEMP 
°C 
SURFACE CARBON 
d (A°) 
1600 3.425 
1700 3.427 
1800 3.415 
1900 3.410 
2000 3.362 
2050 3.361 
2150 3.356 
Compound: METHANE 
TABLE 1.3 - VARIATION OF INTERLAYER SPACING WITH 
_ TEMPERATURE 
21 
2 (.°C 	° 
TE 
0.8 2.2 5.2 9.0 	. 19.9 39.8 65.9 
I:, 
C 
d 
c 
L 
c 
d 
c 	. L . 	c 	. d c.... L c  
d 
c  L ...c.....C... d L C  d C 	..0 L d C 
450 38 3.416 - ' 	- - - - - - - - - - - 
470 67 3.408 53 3.418 62 3.410 - - - - - - - - 
500 97 3.384 98 3.388 66 3.394 79 3.404 - - 40 3.443 132 3.436 
528 124 3.377 132 3.372 149 3.373 118 3.377 76 3.398 54 3.431 102 3.430 
576 127 3.369 175 3.367 231 3.364 195 3.359 211 3.363 154 3.365 170 3.398 
585 - - 141 3.369 - - - - - - - - - - 
602 101 3.380 134 3.372 130 3.369 253 3.361 282 3.360 191 3.360 248 3.664 
630 114 3.374 - - - - 168 3.368 192 3.363 280 3.359 263 3.359 
700 - - - - - - - - 128 3.380 137 3.378 - - 
Compound: CO/H2 mixture 
Pressure: 760 ton 
Substrate: "Carbonil" Fe 
From: WALKER et al (1959) 
TABLE 1.4 - STUDY OF L
c 
AND d
c OVER A RANGE OF TEMPERATURES AND COMPOSITIONS 
at 3000°C under high pressures is required (MOORE, UBBELOHDE 
and YOUNG - 1964). Although the 	growth goes on on 
carbon after initial nucleation on the substrate, the pres-
ence of the substrate is probably important, for graphite 
itself does not seem to have the ability to give graphitic 
deposits (HIRAI and YAJIMA - 1967). 
The degree of order seems to be improved by the use of low 
partial pressures of the reactant, probably because gas-
phase carbon formation is minimized (DIEFENDORF - 1960). 
The crystallinity has also been reported to deteriorate with 
the extent of the deposition (TAMAI et al - 1968, WALKER et 
al - 1959, ROBERTSON - 1970, CUNNINGHAM and GWATHMEY - 1957). 
An example is presented in TABLE 1.5. 
Typical values of the properties of pyrolytic carbons are 
summarized in TABLE 1.6 which, in addition to interlayer 
spacings and crystallite dimensions, includes densities, 
composition given in atomic C/H ratio and anisotropy factors 
as defined by BACON (1956). 
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CARBON 
FORMED 
L
c 
(A°) 
dc 
(A°) 
S 
(m2/g) 
C/H 
(atomic) 
0.09 145 3.365 83 8.5 
0.92 124 3.370 110 25.3 
2.05 110 3.374 117 18.5 
3.39 94 3.383 131 16.3 
4.63 97 3.384 143 17.3 
6.87 87 3.384 1414 18.2 
Temperature 528°C 
Compound: CO/H2 mixture 
Substrate: "Carbonil" Fe 
From: WALKER et al (1959) 
TABLE 1.5 - THE EFFECT OF EXTENT OF DEPOSITION ON 
CRYSTALLINITY 
214 
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TYPE OF 
CARBON 
TEMP 
°C 
dc 
(A°) 
Lc 
(A°) 
La 
(A°) 
ANISOTROPY C/H 
atomic 
d 
(g/m3) RI RII 
Flames - 3.45 15 45 8 
Gas-phase 1000 3.65 15 45 8 
Surface 1000 3.50 25 60 0.48 0.76 > 80 2.00 
Surface 2000 3.36 170 2.22 
Catalytic 
surface 600 3.37 200 400 20 
Pyrolytic 
graphitized 3000 3.35 1600 0.13 0.93 2.25 
CatalytiOally . 
graphitized 2000 3.35 800 0.44 0.78 2.33 
GRAPHITE - 3.35 . .., 0 t 1 . 2.26 
FROM: WALKER et al (1959) 
PALMER and CULL'S (1965) 
READ (1968) 
BOKROS et al (1968) 
BARD (1968) 
TABLE 1.6 - TYPICAL VALUES OF PROPERTIES OF PYROLYTIC CARBONS 
b0 
CHAPTER 1.4 
KINETICS AND MECHANISM 
A) NON-CATALYTIC CARBON FORMATION  
The kinetics of the formation of carbon in flames, pyrolysis 
systems and on surfaces has been the subject of many invest-
igations. PALMER and CULLIS (1965) and READ (1968) among 
others have reviewed the subject. It is obvious that the 
picture is not at all simple. 
Many theories exist to explain homogeneous carbon formation. 
It is certain that initially a nucleus has to be formed 
which will then grow by reaction with other species. Some 
of the theories apply to the nucleation stage and others to 
the process of growth. Those theories involve sometimes 
radicals, or call for unsaturated, intermediate molecular 
species which participate in dehydrogenation and polymer-
ization reactions. An induction period is many times 
observed. It was found that nucleation is a higher order 
process and requires higher temperature than growth. Homo-
geneous carbon formation has been found to be first order 
to the hydrocarbon pressure in several cases. For methane 
the activation energy lies probably in the range 101-107 
k cal/mole. Acetylene is found to be a second order process 
with an activation energy of about 50 k cal/mole. The 
processes are not simple and were found to be complicated by 
surface effects and additives as discussed by MINKOFF and 
TIPPER.(1962). 
26 
As far as growth is concerned one might expect that the 
heterogeneous carbon formation is similar to the homogen-
eous process. The main differences are expected in the 
nucleation stage. 
Work done in this area is summarized in TABLE 1.7. It is 
obvious that apparent inconsistencies are found when one 
compares the results of different authors. This is perhaps 
a reflection of the fact that the kinetics are sensitive to 
such physical conditions as the geometry of the system and 
the fact that either the whole system is heated or a hot 
surface is exposed to a cool gas. Such effects may well 
explain the discrepancies between the results of various 
authors for carbon formation, for example from methane (see 
TABLE 1.7), as well as the possibility of the process being 
diffusion controlled under some conditions. 
The possibility of homogeneous-heterogeneous interaction 
complicates the picture in many cases. For that reason the 
use of high surface to volume ratios is desirable, and a 
quantitative evaluation of that ratio for safe reaction 
conditions was presented by MAKAROV and PECHIK (1969). The 
use of a fluidized bed (OXLEY et al - 1961, BARD et al -
1968) offers one means of increasing this ratio. 
PALMER and DORMISH (1964) proved that in conditions where 
the extent of decomposition is small it is possible to tell 
the separate effects of the homogeneous (first order) and 
the heterogeneous (second order) reactions from the experi-
mental results. Although their value for the activation 
energy was quite different from the value obtained by 
SILCOCKS (1957), an extension of the line obtained by the 
27 
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1968 Hydrocarbons (He) 
1968 CH4  
1968 CH4, CO 
1969 CH4  
1969 CH4 (12, HBr) 
1969 
1970 Vinylacetylene 
amcous- 	 - 1957 
BROWN and WATT 	 1958 
MURPHY, PALMER, KINNEY -- -1958 
02112 	 350-550 
CH4' C3H8' benzene1600-2100 1 atm - 
CH4, benzene, 	800-1000 1 atm 
toluene (He) 
It 
•-: 
• . 
1400-1700  
1000-3000 
600-700 
- 	- 	- 
1 atm 
9 
10 -10rwr 
1 atm 
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SUMMARY OF WORK ON KINETICS OF CARBON FORMATION ON NON-CATALYTIC SURFACES 
SYSTEM 
Various falling 
materials 
Heated carbon rod 	21-30 
On porcelain, flow 	108-84 1 
system 	  
• -J 
plaiendin fluid& 
Flow-system 
Hot surface 
On porcelain, flow 
system 
GFaithiterod,flow 	MED 	 MEP 
system 
Porcelain tube, flow 26 
system 
Batch system, quartz 
vessel 
On carbon, fluid-
ized bed 
Graphite, corindon, 
batch reactor 
- - 	- -----Pyrex, alumina, 
graphite 
On carbon blocks, 
flow system 
Coke granules, flow 
reactor 
Cylindrical flow -
reactor 
Batch system, 
quartz vessel  
28 
Homogeneous decomposition seems 
o control 
Probably diffusion controlled 
Homogeneous C-C and C-H scission 
controls 	 
Gas phase or surface nucleation 
discussed 
Mixed 1st and 2nd order sorted 
out 
Medium size hydrocarbons are 
intermediates__ and form drops 
Mechanism independent of 
hydrocarbon ______ 
Radicals assumed, role of addi-
tives and surface emphasized 
Theoretical model using a para-
meter and assuming active species 
E#W15ORDER 
107 	1 
43 
28 
	
4/ 2 
>1 
40 	N1 Retarding effect of H 
18 
54 
	
1 Unimolecular decomposition 
controlling, it seems 
2 Vinylacetylene is not an 
	 important intermediate 
77 
	1 
-1-#1 Chain mechanism and active site 
on carbon 
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former would go through the middle of the experimental values 
plotted by the latter. 
The- possible importance of vinylacetylene as an intermediate 
in the pyrolysis of acetylene in the low temperature region 
led to the work of CULLIS, READ and TRIMM (1967). The 
value obtained in this case (CULLIS and READ - 1970) for the 
activation energy should be compared with the one calculated 
by PALMER and DORMISH (1964). At low temperatures polymers 
accounted for the major part of the prdducts. 
The low temperatures at which carbon suboxide decomposes to 
give carbon, which means easier and more accurate experiments, 
have attracted some investigators, and in particular HIRT 
and PALMER (1962). Again, the deposition seemed to be con-
trolled by the homogeneous decomposition of the suboxide to 
give C20 and CO, followed by quick surface dissociation of 
the former to give carbon. 
The need for more accurate results under well defined con-
ditions is reflected in recent papers. EVANS and JENNINGS 
(1968) used microbalance techniques and mass spectrometry 
in an attempt to identify the species involved in carbon 
deposition from CH4 and CO. BROOK et al (1969) used various 
hydrocarbons and additives to conclude that complex inter-
mediates would presumably be formed from radicals and that 
the support plays an important role. HUDSON et al (1969) 
assumed active species to develop a theoretical model to 
define the conditions of pyrolysis in a cylindrical flow 
reactor. MAKAROV and PECHIK (1969) studied the decomposi-
tion'of methane on different carbon blacks. They found that 
the rate of deposition changed with time and reached a 
steady state value. The results agreed with a model 
assuming a chain mechanism involving stable free radicals 
on the pyrolytic carbon surface. 
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B) CATALYTIC CARBON FORMATION 
It is known that carbon formation proceeds at a much faster 
rate on the surface of certain metals. Iron, cobalt and 
nickel are the most active catalysts (KEHRER - 1954, 
KOTELROV - 1954, BANERJEE et al - 1961 and HUGHES AND THOMAS 
- 1962). This catalytic effect not only affects the rate 
but also has a remarkable influence on the crystallinity of 
the carbon formed. 
In reviewing the literature one finds that most of the work 
done has been concerned with CO/H2 mixtures and is mainly 
confined to Fe. The interest in this system is' related with 
the search for good Fischer-Tropsch catalysts (HOFER - 1956), 
the need to minimize "carbon transport" in high temperature 
nuclear reactors (EVERETT et al - 1968) and the inconvenience 
of carbon formation in ceramic furnaces (BERRY et al - 1956). 
A summary of the literature is presented in TABLE 1.8. The 
subject will now be discussed in some detail, considering 
first carbon formation from CO and then from hydrocarbons. 
B1) CARBON FORMATION FROM CO 
Since BOUDOUARD (1901) studied carbon formation from CO on 
Fe, the reaction has received widespread attention. In 
spite of that, the actual mechanism has been a point of con-
troversy, in particular as to the nature of the actual cat-
alyst. This is understandable when one considers the 
complexity of the process. A summary of proposed mechanisms, 
taken from RENSHAW, ROSCOE and WALKER (1970), is presented 
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VERETT 
HRER 
REACTANT 
Fe, Co, Ni 
Fe 
Fe, steel 
Fe, Co, Ni 
Fe 
Ni 
Ni, Pt, Cu 
Ag 
Ni 
Ni 3C 
Ni 
Ni 
Ni 
Ni 
Fe, Ni 
Fe, Ni, Pt 
Pt, Ni 
Nichrome wire 
Fe, Co, Ni 
Ni 
Fe 
Ni-Cu, 	c Ni-Cr2  
. 	TABLE 
TEMP 	9C 
100-9009C 
'410-550°C 
5000c 
250-450°C 
713°C 
250-450°C 
450°C - 
250-300°C 
300-600°C 
looec 
400-950°C 
200-350°C 
900-10009C 
700-1000°C 
l000°c 
450-700°C 
650-750°C 
250-330°C 
250-350°C 
450-600°C 
.8 
PRESSURE 
0.1-10 torr 
1 atm (?) 
1 atm 
up to 0.5r 
't' 0.5 tong) 
102to 10-4 
1 atm 
15-60 torr 
1 atm 
1 atm 
100- 600 torr 
60-600 torr 
20-200 torr 
-3• 10 	to 1tbrr 
1 atm 
60 torr 
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GOOD REVIEW ON CARBURIZATION AT LOW TEMPERATURE. 1956 
1968 
1954 
1949 
1960 
1949 
1962 
1957 
1962 
1968 
1968 
1968 
1968 
1968 
1969 
1969 
1970 
1970 
1952 
1950 
1954 
CO 
CO 
CO/H2 
CO 
CO 
CO 
C302 
CO/C02 
SUMMARY ON THIS PARTICULAR SYSTEM. 
INCLUDES A GOOD DISCUSSION AND REVIEW. 
,INFLUENCE OF CRYSTAL FACE. NO CARBON ON Cu, Ag, 
Cr, Mo, Pd, Rh. 
LONG INDUCTION PERIOD. ROLE OF OXIDES AND CARBIDES 
DETAILED STUDY, EMPHASIS ON THERMODYNAMICS. 
WELL ORDERED GRAPHITE ON NICKEL. SUBSTANTIAL 
INTER-DIFFUSION. 
GROWTH OF DENDRITES OBSERVED. 
INFLUENCE OF CRYSTAL FACES. ROLE OF REARRANGEMENT IN NUCLEATION. 
PROPOSES MECHANISM FOR THE SYSTEM: HYDROCARBON/ 
Ni/Ni3C/H2/C. 
GLC ANALYSIS OF PRODUCTS. REFERENCES TO THE 
RUSSIAN LITERATURE 
E 	= 37 k cal/mole. REACTION CONTROLLED BY CARBON aDIFFUSION. 
STUDY' OF THE KINETICS AND THERMODYNAMICS (20 to 35 k cal/mole). 
FAST DEPOSITION FROM ACETYLENE (17 k cal/mole) and 
ETHYLENE (22.5 k cal/mole). 
KINETICS OF CARBON FORMATION ON HEATED FOIL 
EFFECT OF ADDITIVES. DISCUSSION OF MECHANISM. 
EMPHASIS ON CRYSTALLINITY. DISCUSSION OF 
MECHANISM OF GROWTH. 
DETAILED STUDY OF GROWTH OF CARBON FIBRES. 
EMPHASIS ON CRYSTALLINITY. INTERDIFFUSION OBSERVE 
CARBIDE AND CARBON FORMATION, POSSIBLY DIFFUSION 
CONTROL. 
PREPARATION OF AN UNUSUALLY UNSTABLE CEMENTITE. 
C2H4/H2 
H2 
C2H4 
CH4, H2  
CH4, H2  
CH4,  C2H2, C2H4, C2H6 
CH4,  C2H4, C2H6 
CH4, C2H4, C2H6/H2, He 
C2H2 
C2H2 
CH4  
C6H14  
C3H8' C4H10' C5H12 
ISOPROPYL ALCOHOL 
in table 1.9. 
The reaction is preceded by an induction period sometimes 
of several hours duration (AKAMATU and SATE - 1949), reaches 
a maximum rate, and then slows down and eventually stops, 
probably because all the iron has been carbonized (WALKER 
et al - 1959). The reaction proceeds at significant rates 
in the region 400-750°C, with a maximum occurring between 
500 and 600°C. The reason for the decrease above 600°C is 
not clear although alternative explanations have been ad-
vanced eg decreasing chemisorption of CO on the catalyst, 
beginning of appreciable catalyst sintering, and absence of 
carbide formation. Hydrogen has been shown to be an 
accelerator of the decomposition and to increase the temp-
erature of maximum rate with increasing pressures. At 
higher temperatures, however, hydrogen becomes an inhibitor 
above a certain pressure, as shown by Walker et al. CHATT-
ERJEE and DAS (1954) were the first to show that the 
catalyst can be reactivated by H2. KEHRER and LEIDHEISER 
(1954) using single crystal spheres, where all crystalline 
orientations are present, were able to list the order of 
formation of carbon as shown in table 1.10. Nucleation is 
seen to be easier on high index faces. Carbon and Fe3C were 
detected at 550°C, but at lower temperatures (250-350°C) 
Fe20C9 (Hffgg carbide) and Fe304 were also found. 
In recent studies there has been support for the importance 
of the role played both by carbides (EVERETT et al - 1968, 
RUSTON et al - 1969) and by oxides (RENSHAW et al - 1970). 
In the first two articles there is evidence that, depending 
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SUMMARY OF INVESTIGATIONS ON CARBON FORMATION 
FROM CO/H2 ON IRON 
PROPOSED CATALYST OR MECHANISM 
Iron Oxides 
Fe3C 
Fe 
Fe3C 
Fe 
Fe 
Formation of Fe carbonyls which decompose to 
free carbon and iron again. 
Fe 
Formation of Fe-iron oxide interface where C 
could easily enter the Fe lattice. 
FeoC from 400 to 565°C and Fe3C from 565 to 
706°C. 
Fe as the primary catalyst, since CO can 
chemisorb on Fe but not on Fe3C.  
Iron-iron oxide interface 
Fe 
Fe7C3 and Fe 
y -Fe203 
AUTHORS 
BOUDOUARD 
HILPERT and DIECKMANN 
HOFMANN and GROLL 
TUTIYA 
OLMER 
BAUKLOH and EDWIN 
FLEUREAU 
CHATTERJEE and DAS 
TAYLOR 
BERRY et al 
WALKER et al 
MACRAE 
HAAS et al 
RUSTON et al 
RENSHAW et al 
YEAR 
1901 
1915 
1928 
1929 
1941 
1942 
1953 
1954 
1956 
1956 
1959 
1966 
1968 
1969 
1970 
From: RENSHAW, ROSCOE and WALKER (1970) 
TABLE I.10 
FORMATION OF CARBON FROM CO 
ORDER OF DECREASING ACTIVITY FOR THE VARIOUS CRYSTALLOGRAPHIC 
ORIENTATIONS 
ON NICKEL and 
CUBIC 20BALT 
at 550 C .. 
ON HEXAGONAL 
COBALT 
at 4100C .. 	.. 	. 
ON IRON 
at 5500C 
(321) 	(432) 
(111) 
' 
(110) 
1,  
(431) 
1 
(100) 
(0113) 	(1124) 
(0110) 	(0111) (0001) 
Faces with unequal 
indices 
1 
(211) 	(311) 	(411) 
t 
(221) 	(331) 	(441) 
1 
(210) 	(310) 	(410) 
I 
(111) 	(110) 
1 
(100) 
FROM: KEHRER and LEIDHEISER (1954) 
GWATHMEY and CUNNINGHAM (1958) 
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on the temperature and structure of Fe, carbon atoms can 
migrate fairly repidly by surface diffusion, less rapidly 
by intergranular diffusion, and much more slowly by bulk 
diffusion in the iron. Dislocations or intergranular boun-
daries in the surface probably act as nucleating centres for 
epitaxial growth of carbides (Fe3C, Fe7C3, Fe20C9, etc). 
Deposits of carbide appear on the surface before any carbon 
can be detected. According to the pressure used the rate 
of formation of free carbon on the surface may be higher or 
lower than the rate of diffusion 	through Fe. This affects 
the number of carbide deposits seen on the surface as com-
pared to the formation of Fe3C in the bulk of the metal. 
Carbon deposits do seem to grow from Fe7C3 crystals (RUSTON 
et al - 1969) which form not only directly on the surface 
of the metal but also on the Fe3C deposits. At lower temp- 
eratures Fe3C and Fe20C9 may themselves act as growth centres 
for carbon. Decomposition of Fe3C at the surface results in 
a small amount of laminar form carbon, but the majority of 
the carbon has a filamentary form with a Fe7C3 crystal in 
the head. The Fe7C3 crystal must have been detached from 
the surface, either pulled by the growing carbon or as a 
result of the stress generated by the mismatch of the lattice.  
Iron is always found in the carbon deposits in a percentage 
that can be as high as 25% in the deposit which is formed 
first but which tends to a value of 1% eventually. 
Although a carbide provides the growth centre, only a-iron 
is capable of CO dissociation to produce C atoms or benzen-
oid structures which may migrate. As the filaments do not 
grow indefinitely it is logical to conclude that the final 
crystal form of iron carbide nuclei found in the filaments 
is not active. Probably physical separation of the filament 
from a-iron occurs at some stage, cutting the supply of C. 
atoms. Alternatively, a region of stress between a-iron 
and carbide may be the active area, and growth of filaments 
follows until gradual conversion of the active carbide to 
an inactive one occurs and growth stops. 
It is clear from the foregoing discussion that. many facts 
have been observed but very little has been proved. An 
important limitation is the fact that x-rays have been the 
main tool in identification of the various solid phases 
involved and it is usually not possible to pick up peaks 
for constituents present in concentrations less than 5% by 
x-ray diffraction. Even for electron-probe microanalysis 
the limit is about 0.3% (TAYLOR - 1961). This may be crit-
ical in this particular problem, where phases in minute 
concentrations may be important. In this respect electron 
diffraction and particularly selected area electron diffrac-
tion may reveal hidden phases. 
Another point is that x-rays give information about the 
properties of the bulk, but are unable to detect thin films 
or surface rearrangements. In this particular reflection 
electron diffraction is more useful, for its penetration 
lies in the range 20-40:1. Low energy electron diffraction 
(LEED), field-emission microscopy (FEM), and field-ion 
microscopy (FIM) are even more selective. Application of 
these techniques will lead to drastic reapprisal of the 
mechanism. 
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This is admirably illustrated in a very recent paper by 
RENSHAW, ROSCOE and WALKER (1970) who, using both x-ray dif-
fraction and reflection electron diffraction, were able to 
prove that y-Fe203 is the active catalyst. The oxide was 
detected by the latter technique, when the former only iden-
tified carbon and carbides. The formation of an oxide layer 
is unavoidable, even when using ultra-high vacuum and research 
grade reactants, since a pressure of oxygen of only 10-12 torr 
is enough to oxidize Fe at 550°C. RENSHAW et al related the 
catalytic activity of y-Fe203 with its defect type structure 
which aids migration of Fe3+ ions to the surface. The reduc-
tion of the rate of reaction above 550°C was related with the 
preferential formation of a-Fe203' which has much less cata-
lytic activity.due to the impeded diffusion of the iron 
cations. 
Kinetic studies of carbon formation from CO on cobalt and 
nickel are not so numerous. Valuable comparisons of the 
relative activity of the different crystal faces was given 
by KEHRER and LEIDHEISER (1954) and is included in TABLE 1.10. 
HOFER (1956) reviewed the field of carbonization of Fe, Co 
and Ni from CO, which is the predominant reaction below 300°C. 
Above that temperature carbon is formed predominantly, and 
perhaps exclusively in the case of Co and Ni. This is not 
surprising, because Co2C and Ni3C are unstable above that 
temperature. Some iron carbides are more stable, and Fe3C 
only decomposes at about 700°C. The carbides are also 
easily reduced by hydrogen above 300°C and, at least in the 
case of iron, the reaction is self-accelerated. BROMLEY and 
STRICKLAND- CONSTABLE (1960) made a detailed study of carbon 
formation from CO on nickel. They found that at 250°C only 
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Ni3C is formed, and at 400°C carbon is the only product. 
If, however, after reaction at 400°C, CO is again added at 
250°C, only free carbon is obtained. Nickel carbide is 
metastable in relation to carbon, but on the other hand 
nucleation of the carbide is much easier: the carbon atoms 
have to enter an already partly formed lattice, whereas 
with free carbon a completely new lattice has to be built 
up. 
In this context it is perhaps relevant to report here that 
there is recent evidence from LEED and Auger spectroscopy 
work (BLAKELY, KIM and POTTER - 1970, COAD and RIVIERE - 
1971, EDMONDS and PITKETHLY - 1969) that even in pure 
nickel the formation of graphite domains occurs on the 
surface above 340°C, which is due to the segregation of the 
carbon always present as an impurity. Sulphur is also 
found to segregate. 
B2) CARBON FORMATION FROM HYDROCARBONS  
There are not many studies on carbon formation from hydro-
carbons on unsupported metals, which is perhaps a consequence 
of the fact that their use in catalysis above 250°C has been 
avoided for the very reason that they become inactive quickly, 
due to carbon formation. Because the transition metals are 
good hydrogenation catalysts, they should be expected to be 
good dehydrogenation catalysts as well. Dehydrogenation, 
being an endothermal process with an increase in the number 
of moles, is favoured at high temperatures and low pressures, 
and under these conditions carbon is rapidly formed. As 
carbon formation may be regarded as the ultimate stage of 
dehydrogenation, one can say that they are too active for 
dehydrogenation, and that they lack selectivity (Type III, 
as defined by WHEELER - 1951). No serious attempts to use 
the catalysts as dehydrogenation accelerators have been 
made since FREY and HUPPKE (1933) discovered the superior 
properties of chromia catalysts. As a result, it is not 
surprising that most investigations on the behaviour of 
the transition metals as catalysts at high temperatures 
was done in the period 1920-1935, as reviewed by EGLOFF 
et al (1930) and THOMAS et al (1939). 
More recently, the use of supported metal catalysts in re-
forming and steam-reforming processes, and the interest in 
minimizing carbon formation in heat exchangers, reactor 
walls, burners, etc have brought a new interest to this 
problem. Work done on industrial catalysts will be summ-
arized in CHAPTER 1.6 but the more interesting results on 
carbon formation from hydrocarbons on metals are given 
below. 
CUNNINGHAM and GWATHMEY (1957) studied carbon formation 
from ethylene on nickel single crystals and found the (111) 
faces to be the less active, in contrast with the deposition 
from CO (see TABLE 1.10). There is a possible connection 
of the number of tiny nuclei of carbon formed initially with 
the number of dislocations ending at the surface. A pre-
treatment with argon completely inhibits carbon formation 
on (111) or (100) faces, which were found to be very smooth. 
Probably the annealing removed surface imperfections and 
nucleation was much more difficult. It is interesting to 
4o 
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note that the same authors studied the hydrogenation of 
ethylene, at lower temperatures (50-200°C) and found the 
order of activity of the different faces to follow the 
"normal" order obtained by KEHRER and LEIDHEISER, given 
above. The differences in activity were found to increase 
with increasing temperatures. The activity was also found 
to be dependent on the order of addition of the reactants: 
if ethylene was admitted first, the activity was reduced. 
Another difference between the behaviour of CO and hydro-
carbons was reported by HOFER (1956). Carbides can be 
prepared at intermediate temperatures (250-350°C) from 
paraffins. In the case of iron, Fe3C prepared in this way 
is much less stable than the carbide prepared from CO, 
decomposing at about 500°C. This is about 150°C less than 
the normal temperatures found for Fe3C decomposition in 
other cases. 
In the Russian literature various studies on carbon formation 
were reported by BALANDIN and co-workers and by TESNER and 
co-workers, among others. In a recent paper PATRIKEEV, 
ODYAKOV and BALANDIN (1968) described a study of carbon 
formation from ethylene on nickel coated balls. A ball mill 
was used as a reactor so that the carbon produced would be 
continuously removed. The gaseous products of the reaction 
in the range 300-550°C were analysed by GLC. At lower temp-
eratures (380-420°C) C2H6 was the main product but above 
450°C H2 and CH4 were predominant, although the conversion 
to CH4 fell again above 520°C. The catalyst was found to 
exhibit an induction period, being quite inactive initially. 
After "development" of the catalyst the results were 
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reproducible. The results obtained at fixed residence time 
are presented graphically in fig 1.5. It seems that they 
can be interpreted in terms of the four equations included 
in the figure, with reference to three regions of tempera-
ture. At lower temperatures (region I), reactions (1) and 
(2) are important, but (1) controls the process, because (2) 
deperids on (1)'for the supply of H2. One molecule of C2H4  
reacting according to 	(1) allows two C2H4 molecules to 
be hydrogenated by reaction (2). This means that in this 
region the maximum possible conversion to C2H6 is 67%. At 
intermediate temperatures (region II), the hydrogenation 
( 2) is less favoured and hydrocracking 	( 3) becomes 
important, and CH4 is produced in large amounts, which will 
in turn give carbon according to 	(4) above the inversion 
temperature (region III). It is interesting to note the 
inflexion in the H2 curve, according to the relative impor-
tance of the reactions from which it is produced (1 and 4) 
and in which it is consumed (2 and 3), confirming the simple 
mechanism proposed here. That carbon is formed more readily 
from the olefin is obvious from the change in slope of car-
bon yield at about 400oCI when the concentration of C2H4 falls. 
TESNER et al (1970) reported a detailed study in growth of 
carbon fibres from H2/C2H2 mixtures on a nichrome wire (15% Cr, 
60% Ni), at various pressures and temperatures from 450 to 
700°C, using an electron microscope. They found that the 
growth shows auto-catalytic characteristics in the beginning, 
but later a deceleration takes place. The rate of growth 
has a maximum in temperature at about 600°C. Hydrogen accel-
erates the reaction, and probably also plays a part in the 
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nucleation process. 
In a recent thesis, LECOANET (1968) studied the kinetics 
of the reaction 
CH4 	c H2 
in both directions. The rate was found to decrease with 
increasing carbon formation. The activation energy for the 
initial deposition was found to be 35 k cal/mole and the 
order to CH4 wascne. The kinetics at later stages of depo-
sition were not very reproducible. The activation energy 
fell to values in the range 20-36 k cal, but the order was 
still one. On both corindon and graphite the reaction was 
much slower, and an activation energy of 77 k cal/mole was 
recorded in either case,(see TABLE L8 ). The reverse 
reaction showed an order of one to H2 and an energy of 
activation of 21 k cal/mole. Some data and discussion of 
the thermodynamic aspects of the reaction were given. 
LAFITAU and JACQUE (1968) also studied carbon formation 
from methane although at higher temperatures (about 1000°C) 
and found an activation energy of 37.1 k cal/mole, and 
ESCOURBES et al (1968) from ethylene at low temperatures 
(200-350°C) obtained 22.5 k cal/mole. In both cases the 
rate determining step was assumed to be the diffusion of 
carbon through nickel. ESCOURBES et al used TGA to follow 
the deposition of carbon and x-rays to characterize the 
product and studied also carbon formation from acetylene, 
methane and ethane arid found that the unsaturated hydrocar-
bons dissociate much more easily than the paraffins. 
TAMAI et al (1968) studied carbon formation from CH4, C2H11 
and C2H6 on Fe and Ni. The rate decreases with time, and 
the orders of reaction were one in some conditions and close 
to zero in others, suggesting a heterogeneous reaction. 
However, the activation energy found for the Fe-CH4 system 
(97 k cal/mole) was close to the values reported for the 
homogeneous pyrolysis. In their system the foil was heated 
by high frequency induction, which complicates the inter-
pretation of the results. The reaction was probably diffu-
sion controlled in some conditions. In support of this, 
the deposition on nickel was found to be independent of the 
nature of the hydrocarbon and nearly independent of the 
pressure in the range of temperatures used (900-1000°C). 
This was confirmed by more recent work (TAMAI et al - 1969) 
in which H2 addition was found to have no effect in any 
deposition on Ni, in contrast to the case of iron. They 
interpreted these results in terms of diffusion of Ni atoms 
through the carbon being the controlling step. An inter-
esting result was that helium had no effect on the deposi-
tion from the paraffins on Fe, but it reduced the rate 
considerably in the case of C21-14. The mechanism should be 
quite different, possibly involving some activated intermed-
iate with the olefins. Hydrogen also had different effects 
on the rate of carbon formation, being positive for the 
paraffins and negligible for 004. 
The work of PRESLAND and WALKER (1969), referred to in the 
previous section, also includes some discussion on the 
mechanism of carbon growth from acetylene on Pt and Ni foils 
at 1000°C. They found that thermal annealing of the substrate 
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influences nucleation and growth of the deposit through 
kink site and step formation. From their discussion two 
possible mechanisms for growth were suggested: surface 
diffusion of atomic carbon species or polymerization and 
aromatization of short chain hydrocarbons. It is not sur-
prising that variable nucleation density on different 
grains was found in this work, as was also the case for 
ROBERTSON'S (1970) work, if the different activity of 
different crystal orientations is taken into account 
(KEHRER and LEIDHEISER - 1954). 
It is perhaps relevant to mention here that the preferred 
orientation in rolled foil and drawn wire is as given in 
TABLE I.11. Comparison of TABLE I.11 with TABLE 1.10 
leads•to the conclusion that the difference between results 
of foil and wire reflects differences in the activity of the 
preferred orientation. Carbon formation from CO on foils 
is a good example, because iron foils show a preferred 
orientation for the less active face (100), while nickel 
foils are much more favoured (123). However, the relative 
activity is different for carbon formation from ethylene 
(CUNNINGHAM and GWATHMEY - 1957). 
METAL STRUCTURE ROLLED SHEET 
(lying in the 
plane) 
DRAWN WIRE 
(parallel 
to axis) 
Ni F C C (Al) (123) ball [100] 
a-Fe 
(below 909°C 
B C C (A2)  (100) [1103 
a-Co 
(below 450°C) 
H C P (A3)  (0001) 
TABLE 1.11 - PREFERRED ORIENTATION IN ROLLED SHEET AND 
DRAWN WIRE. 
(from TAYLOR - 1961 - pp 608 and 612) 
C) CURRENT STATUS OF THE PROBLEM 
From the previous discussion it is quite clear that the 
process of catalytic carbon formation is very complex and 
is far from being understood. It adds to the already com-
plex picture of an heterogeneously catalytic process the 
extra complication of formation of solid products. Not 
only catalytic reactions but also nucleation of the new 
phase, growth, and several forms of diffusion play a part 
in the overall process. The deposition of carbon at lower 
(300-600°C) and higher (600-1000°C) temperatures are 
expected to be different: not only the rate determining step 
is probably very different at higher temperatures, but also 
homogeneous-heterogeneous interaction and changed catalytic 
activity are expected. For analogous reasons the results 
with an isothermally heated system or with a hot foil must 
not be regarded as equivalent. 
Nucleation may be related with impurities present in the 
substrate or it may be a process involving the adsorbed 
species and preferential sites on the surface. A metastable 
phase may well be involved. 
Crystal growth may proceed in many ways. If the original 
metal surface is completely covered, the reaction should 
stop, as it is found in some cases. If this does not 
happen one must admit that, by some sort of diffusion, the 
reactant gas is still capable of contact with the metal. 
Alternatively the substrate may influence the carbon formed 
and give it particular catalytic activity. However, the 
more simple and perhaps more likely explanation is still the 
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migration of the metal through the carbon, as has been 
detected in many systems. In this case a dual catalyst 
may be a better description for the active surface - a 
catalyst which is a product of the reaction itself! The 
role played by the carbon in the growth will certainly be 
related to its structure and reactivity. The importanbe of 
basal (AMELINKX - 1965) and non-basal dislocations (THOMAS 
and ROSCOE - 1968) in graphite has been emphasized. The 
reactivity of carbon has also been reviewed (WALKER et al--
1959b, ERGUN and MENSTER - 1965, and THOMAS - 1970). 
The theory of nucleation and growth processes will be dis-
cussed in more detail in the next chapter. It is rewarding 
here to consider some possible answers to the question: why 
are Fe, Co, and Ni the good catalysts for carbon formation? 
There are several possible explanations. These metals are 
transition metals, that is, they have incomplete "d" shells. 
They are good dehydrogenation catalysts, but lack selectivity 
thus the product of the reaction in the case of hydrocarbons 
is the ultimate dehydrogenated species: carbon. 
Another explanation is that Fe, Co and Ni have the required 
affinity to carbon. Thus they form orthorhombic carbides 
(class 3) of lowest symmetry, lowest melting points and so 
least stable, according to GOLDSCHMIDT (1948). FIG 1.6 
gives the crystal symmetry of the binary carbides in relation 
to the position of the metal in the periodic table. 
Other facts that can be related to the activity of Fe, Co, 
Ni in carbon formation are the following; Their oxides are 
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easily reducible, even at the low temperatures of the 
Fischer-Tropsch synthesis and the carbides are also easily 
reducible above ca 300°C. The nucleation of carbon may 
also be facilitated by the formation of graphite domains, 
as referred to previously. 
The points made in the last paragraph lead to the question 
of the role of hydrogen in carbon formation. The influence 
of H2 in the case of hydrocarbons (TAMAI - 1969) may be re-
lated to its ability to break the C-C bond over transition 
metals. In fact the carbon residues formed by adsorption 
of hydrocarbon on metal, polymerized or not, may suffer 
hydrogenolysis to give small fragments, perhaps carbon 
atoms, which can migrate easily to grow on the carbon surface. 
It is perhaps relevant to note here that the kinetics of 
ethane and propane hydrogenolysis on nickel can be conveniently 
explained if the adsorbed radical has a zero hydrogen content 
(BOND - 1962, p 396). The peculiar behaviour of nickel in 
hydrogenolysis has been noted on several occasions, and a 
recent paper (MATSUMOTO et al - 1970) shows that the _products 
of the reaction of several paraffins on Ni and on Pt is 
quite different: nickel produces a-scission, giving n-pentane 
from n-hexane, etc, while platinum operates by a (3-carbonium 
splitting mechanism. As a result, in the case of nickel, a 
residue with a single carbon atom is produced on the surface. 
CHAPTER 1.5 
NUCLEATION and GROWTH 
A) NUCLEATION: FUNDAMENTALS  
Before growth of a solid phase can occur, nucleation has to 
take place. The growth of a cluster by addition of single 
molecules involves an increase in free energy until a 
critical size is reached, due to a strong contribution of 
the surface free energy y, which is negligible in macrosco-
pic particles. The total free energy of formation of a 
cluster of radius r is: 
AFt = 41Tr2y + rr3  AFIT 
where the "macroscopic" or bulk free energy of formation is 
given by: 
R AFv  =-T 
	P —V £n ,-7 m re 
Vm - molar volume 
Pe - equilibrium vapour pressure 
Equation (1) is of the form (A, B constants): 
AFt = -Ai + Bi
2/3 
where i is the number of molecules or atoms in the cluster. 
The equation has a maximum as shown in FIG 1.7, which gives 
the critical free energy AF* of the critical nucleus of 
radius r* 
6Try 3  AF* - 1 35Tr- 
v 
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(1)  
(2)  
(3)  
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r* = -AF
v 
2y 	 (4) 
In a process of nucleation there are clusters of all sizes 
present, which are constantly gaining or- losing molecules. 
A certain number of clusters with i molecules will be con-
verted to 1+1 clusters per unit of time. Equally 1+1 
clusters are converted back to i clusters. When the crit-
ical dimension is exceeded the net flux increases very 
rapidly. 
The original Becker-During theory of the nucleation of 
liquids from the vapbur has been corrected and extended to 
other systems by several authors. According to Volmer the 
nucleation rate can be developed by determining the free 
energy of formation (AF*) of a critical size nucleus by a 
reversible work cycle, thermodynamically determining the 
equilibrium concentration (mi*) of such a nucleus. As in 
the treatment of the transition state theory for homogen-
eous kinetics, a frequency factor (w) is then introduced so 
that the condensation rate is given by: 
J* = zwmi* 	 (5) 
where: 
mi* = m1 	RT exp ( ---) - 
z - non equilibrium factor. 
In heterogeneous nucleation several forms of nuclei can be 
considered (FIG 1.9) and a geometric factor must be included 
in 	(4). In the case of a cap-shaped nucleus of contact 
angle 0 and spherical radius r (FIG 1.8), the factor is: 
AF* (6) 
e d 
54 
B L 2/3 
	
0 
0 
/ 
Y 	R2 	
"N I 
	\cr' 3 	
\ 
1 	I 	 0 >•• , //' 	I0P2/, 
\* \ 	I  
\ 	1 0 / \ 	
\ 	 ' 
.1/ 
Ft 
Ar* 
0 
0 
FIG. I.7 - FREE- ENERGY OF 	FIG. I.8 — FORMATION OF A 
FORMATION OF A CLuSTER CAP-SHAPED NUCLEUS IN A 
OF 1, HOLEccl1.E5 	 VAPOUR DEPOSITION PRocE35 
a. 
FIG. 1..9 — ACTERIVATiVG FORMS OF NUCLEI /A/ 
HC:-Ta-R0E-NE0O5 NUCLEATION 
55 
X(0)  . (2 	cos e) (1 - cos 0)2 	(7) 
And eq (4) becomes: 
6,F* . 167y3?(_(0)  
3AF2  (8) 
X (0) is a measure of the catalytic potency of the substrate 
(HIRTH - 1966). If 0÷0°, x(0)+0, AF*4-0 and nucleation is 
easy. The angle 0 is determined by surface-energy equili-
brium: 
Ys-v 	Yc-s 	cos 0 
	
(9) 
where ys-v' Yc-s and y are the specific interfacial free .  
energies of the substrate-vapour, condensate-substrate, and 
condensate-vapour interfaces. In this case, taking into 
account that the nuclei grow by surface diffusion of free 
energy AP11, jump distance a, vibrational frequency v and 
1/j jump directions: 
w = m 2wr* a sin 0 jv exp -AF  (L1  
RT 
	(10) 
An extensive review of the kinetics of nucleation was 
presented by HIRTH and POUND (1963) and in the recent book 
by STRICKLAND-CONSTABLE (1968) on crystallization. Recent 
papers have considered in detail various aspects of the 
process of nucleation. GRETZ (1967) reconsidered the role 
of surface diffusion, MOAZED and HIRTH (1965) discussed 
the implications of a double solution for the contact angle 
0, KASHOMiEV (1969) presented a solution for the non-steady 
state problem in nucleation, SANDEJAS and HUDSON (1968) 
developed an expression for the critical supersaturation 
when thick adlayers are present prior to nucleation and 
LEWIS (1970) included migration and capture concepts in the 
theory. 
Although the case of heterogeneous nucleation in a one-
component system, ie, by physical vapour deposition (PVD), 
has been considered extensively, the case of multicomponent 
systems, which includes chemical vapour deposition (CVD), 
was treated only recently (MIRTH - 1966). The theory is 
similar to the one-component system because, in order for 
nucleation to be of any importanCe, the nucleation step 
must be rate-controlling. The main difference resides in 
the redefinition of the supersaturation, and consequently 
of AFv.  
GRETZ, JACKSON and MIRTH (1967) studied the deposition of 
Cr2I4 on quartz and found that PVD and CVD were both opera-
tive although in quite separate regions of pressure and 
temperature. In other cases of CVD, interaction with PVD 
may be expected. In complex systems such as carbon form-
ation on surfaces from gases, nucleation may be a much more 
complex process and different solid phases may be involved. 
A metastable carbide may nucleate more easily than carbon. 
Ni3C for example is an interstitial carbide so that the 
carbon atoms just have to enter an already partly formed 
lattice (BROMLEY and STRICKLAND-CONSTABLE - 1960). In 
other words, although the free energy of formation IF v is 
less for the metastable phase, the interfacial free energy 
for gas-nucleus or/and substrate-nucleus may be sufficiently 
lower to more than compensate. 
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B) NUCLEATION: LAWS  
The need for empiric or semi-empiric laws to describe experi-
mental results lead to some useful expressions which have 
been widely used in heterogeneous non-catalytic kinetics 
(DELMON - 1969) including the field of solids decomposition 
(YOUNG - 1966). The treatment given by DELMON will be 
summarized here. 
Two possibilities must be distinguished when considering sites 
for nucleation. Either any place on the surface may act as 
a site ("uniform probability sites") or there are only some 
well-defined places where nucleation may occur. This is the 
case when defects, dislocations, etc, operate as "potential 
sites", of surface concentration yo. If y is defined as the 
instantaneous surface concentration of sites, and S is the 
surface of the sample, the actual number of sites will then 
be: 
= sy 	 (19) 
When an induction period to occurs, a relationship of the 
type 
y = function (t-to) 	 (20) 
may be found. A better relationship would describe nuclea-
tion from t = 0, but it is not always possible to find such 
an equation. Nucleation is sometimes so fast that in prac-
tical terms germination is "instantaneous". In other cases 
a power law of the type 
dY dt 	= K gth 
	
(21) 
may be used. Laws of some "order" to concentration of sur-
face species are sometimes observed. If the population is 
depleted as the nuclei form, the following law applies: 
dy 
dt = Kg ‘ 
 (Co...y f 
However, a similar law may be observed for different reasons: 
if the rate of nucleation is proportional to the number of 
potential sites left (yo-y), then 
dy 
dt = Kg (Yo-Y) 
Alternative relationships are summarized in table I.12 both 
in differential and integral forms. The rate constant of 
nucleation Kg, is of course, of the form: 
_AF* 
Kg  = A e kT 
(23)  
(24) 
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(22) 
TYPE OF SITES UNIFORM PROBABILITY SITES POTENTIAL SITES 	( to) 
TYPE OF LAW DIFFERENTIAL INTEGRAL DIFFERENTIAL INTEGRAL 
INSTANTANEOUS 
GE.RIIINATION 
a =0 
<0  =0 , 
-t.0  	x, =4, 	. 
dr =0 
t <0 , e =0 
t>0 , it 	Y. at dt 
Lu 
..k 
ca..' 
CONSTANT 
5PEED) 
de _ , 
Y = Ke t  
d,r 	v 	yi ..._ = [N, vo 
at 
-,- Kg 4 t 
3 
cit 
m d e 	+m K, 1- LT- y _ 	4 	K9 trmi  
c.LA 	(eo-r) -t41  ..=.1-<; 
t 41+' ).] t=e0 11— eXPE!* Cft 
AL 17:-Kg eo-rexigtted) dt ni- i - 1 clt 
OR
D
E
R
   
LA
W
  
1 
" 	 1<5 (6.—Y) -K9-t- dr  
cicit;, 	= /9 c 	e-K9  
dt 
cit 
sir_ = i<5  
cit 
RI 
d r = 4 (C0."4)14)41 1 611 -K' (to- Xr1 1 „ 
cit 	 A= 
cie . 	K, 	, 1-a) 
dt 
y ,_ K," 	-t-1-4' at 	u 
K, t 77.4141 de = 
e ,_ K,- 	t - 4-ri 
at 
,.,= S t i IF THE-RE- 15 AN INDUCTION PERIOD to i WE MAY USE (f--t) INSTEAD OF t" 
TABLE I. /2 —SUMMARY OF LAWS FOR NUCLEATION 
C) GROWTH 
Of the various theories proposed for crystal growth the one 
based on growth at screw dislocations has been successful 
in explaining experimental results. The idea was originally 
suggested by Frank in 1949 and later put on a quantitative 
basis by Burton, Cabrera and Frank. It is capable of 
explaining not only the flatness and other properties of 
growing crystals, but also the observed kinetics of growth 
(STRICKLAND-CONSTABLE - 1968), while inhibition of growth 
in one or two directions may be related to defect density. 
Platelets would mean inhibition in one direction, presumably 
due to lack of dislocations and whiskers, inhibition in two 
directions. Pictures of how a spiral-dislocation ledge and 
a pair of screw dislocations of opposite directions can 
operate in a growing crystal are shown in FIG 1.10 and 1.11. 
In the second case HIRTH and POUND (1963) point out that 
growth will not occur if the supersaturation is not enough 
to give the radius of the critical nucleus r*<d/2. In 
FIG I.11 d1>2r*>d2, and d2 does not operate as an active site. 
Very perfect spiral-dislocation ledges of the type shown in 
the figures have been observed and photographed in many 
cases, including growing graphite crystals from solution 
(AUSTERMAN - 1968). Forests of screw dislocations have been 
reported in graphite (THOMAS and ROSCOE - 1968) and this 
type of mechanism of growth may well be important. The growth 
of carbon whiskers has also been reported in numerous cases. 
One possible explanation for their formation is that they 
are emanations from a spiral ledge as pictured in FIG 1.12. 
In fact, some whiskers are known to be single crystals and 
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have been found to contain a screw dislocation in the core. 
They may grow from the top or from the bottom, and there is 
evidence at least in some cases, that they grow from gas 
molecules not oiily adsorbed on the tip but also by migration 
of molecules adsorbed on the side walls. Other explanations 
for whisker growth are possible, and the presence of metal 
or carbide crystals either in the tip or in the core of the 
filament have been mentioned as proof that these are the 
growth centres. The recent work at AERE (Harwell) in which 
the growth of carbon filaments has been filmed under the 
electron microscope has thrown much light into the actual 
process of growth (FEATES et al - 1970). 
Formal theories of crystal growth can be found in textbooks 
and reviews (STRICKLAND-CONSTABLE - 1968, HIRTH and POUND 
1963, HIRTH - 1966). The simple expression presented by 
DELMON (1969) to describe various types of rate of growth 
will be derived here. Considering a nucleus growing in 
three dimensions as pictured in fig.L13,if the rate of 
growth in each face can be taken as constant all the time 
and throughout the surface (K1,K2,K3 for each direction), 
the volume of the crystal at time twill be: 
v = K1K2K3t3 
	
(25) 
KK2 and K3 are linear rates of growth, and the above assump-
tion is equivalent to the postulate that each interface is 
progressing at constant speed. In the case of an isotropic 
growth K1=K2=K3' although in general the growth will be 
homothetic and K1K2K3 = 4K3 , whence 
v(t) = cl)K 3t3 	 (26) 
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Growth completely inhibited in one or two directions is 
referred to as bidimensional and mono dimensional growth. 
Calling 0 the time at which the nucleus is born, the general 
law may be written 
v(t,0) = 4)0(t-e)P.  
for a p-dimensional growth. 
If there is a population of nuclei born at different times 
one can find the expression for the total increase in 
volume V if the nucleation rate law is known. The assump-
tion of a power law of the type (21) is not a great restric- 
tion, because the power laws in TABLE I. 	are limiting 
cases of the more general laws valid for small t at least, 
and they can include the instantaneous germination (power -1) 
and constant speed law (power zero). Combining (19) and (21) 
gives: 
= 	SK g  (0-t o)n  dt  
after allowing for induction period to. The number of 
nuclei born between 	and 0+d9 is(1-il 
0 
 de and the volume at dt 
time t of the nuclei born in that interval will be 
( d 
) dtelr(t,0) de 
The total volume of all nuclei at time t is found by sub-
stituting (27) and (28) in (29) and integrating for all 
values of t: 
V(t ) 
	SKg(e-to)n (pe(t-0)13 de 
=t 
0 
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(27) 
(28)  
(29)  
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V(t) = Cte(t_to )n+p+l 
	
(30) 
This is an important expression which combines the rates 
of nucleation and growth, and where: 
NUCLEATION. ti GROWTH p 
Instantaneous 
Constant speed 
Power n 
It can also be seen 
-1 
0 
n 
that the constant 
Monodimensional 
Bidimensional 
Tridimensional 
in eq (30) 
1 
2 
3 
includes 
Kg, the rate constant for nucleation as well as K, the 
rate constant for growth. So the effect of the temperature 
in the overall growth will be a function of the activation 
energies of both processes. 
A few more points will be briefly noted here. When the 
population of nuclei grow, they will at some stage tend to 
incorporate the smaller ones in the big ones (FIG 1.14) 
and eventually the surface available for growth will coincide 
with the geometric area of the substrate corrected by a 
roughness factor. When incorporation is no longer negligible 
the proposed law no longer applies and a correction will be 
only possible if the effect can be estimated experimentally 
in some way. An extreme case of this occurs when there is 
a finite amount of solid to react-, as it is the case in the 
decomposition of solids or reduction of oxides. It is 
obvious that the reaction tends to slow down at some stage 
and will eventually stop when the whole specimen has been 
consumed. In these cases a factor (1-a) is usually 
introduced, as in Prout-Topkins equation, Erofeev equation, 
etc, which accounts for the slow down and leads to a 
sigmoid curve. 
Induction periods are common in reactions involving solids 
(FIG 1.15) and in some cases pseudo-induction periods are 
observed which may be positive (FIG I.15-b)or negative (FIG 
I.15-c). Some explanations for this last effect have been 
proposed (YOUNG - 1966). 
Two figures (1.16 and 1.17) from work by DELMON are included 
which illustrate the application of eq (30) to the reduction 
of nickel oxide. In the first case an induction period is 
observed and after this, nucleation occurs at constant 
speed (n=0; p=3; n+p+1=4). In the second case the nucleation 
is induced artificially beforehand and no induction period 
is shown (n=-1; p=3; n+p+1=3). The tendency of the experi-
mental points to fall below the straight line at high values 
of a (fraction decomposed) is due to incorporation and 
overlapping. 
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CHAPTER I 6 
FOULING OF CATALYSTS 
The deactivation of industrial catalysts by formation of 
coke", fouling, occurs in various important processes as 
summarized in TABLE I 13. The deactivation is due not only 
to the coverage of a fraction, a, of the active sites by 
coke but also to possible diffusion limitations with 
reduction of the effectiveness factor n. The latter effect 
is especially important when "pore-mouth" poisoning occurs. 
Various theoretical studies have been devoted to the prob-
lem of catalyst deactivation. WHEELER (1951, 1955) has 
correlated catalyst activity with the fraction of surface 
poisoned, a, for various effectiveness factors in the two 
extreme cases of pore-mouth and uniform distribution of 
poison. He assumed cylindrical pores and an isothermal 
first order reaction. The dynamics of poisoning have also 
been the object of various studies. MASAMUNE and SMITH (1966) 
presented a general numerical method for calculating effect-
iveness factors in isothermal systems with the occurrence 
of fouling by either independent, parallel or series 
reactions. SAGARA, MASAMUNE and SMITH (1967) extended the 
method to non-isothermal systems, and other cases were dis-
cussed by CHU (1968) and by SADA and WEN (1967). 
The theoretical analyses of poisoning usually assume that 
the accumulation of poison has no effect on the diffusion 
characteristics of the catalyst. While this is true in 
many cases with low coke contents (OZAWA and BISCHOFF - 1968) 
it is not observed in other cases (SVGA et al - 1967). 
PROCESS FEED CATALYST 
PRESSURE 
atm 
TEMPER-
ATURE 
uC 
REMARKS 
FISCHER- 
TROPSCH 
CO + H2 Fe, Co, Ni on 
Kieselguhr or other 
support. Promoters. 
10 
to 
40 
180 
to 
350 
After extensive research, 
especially in the decade 
1930-1940, deactivation 
has been minimized. 
CRACKING Heavy gas-oils A1203, Si02, Zr02, 
Mg0 
1 
to 
2 
450 
to 
550 
1 to 5% coke in the spent 
catalyst is burnt off 
during regeneration. 
REFORMING Naphthas Si02, MgO , A1203  
Also mixed oxides 
and supported Ni,Co, 
Pt,Rh,Pd,Ir,Cu. 
1 
to 
35 
350 
to 
500 
Up to 0.5% coke in spent 
catalyst. 
STEAM- 
REFORMING 
H2O + CH4 or 
higher hydro- 
carbons 
Ni on SiO2'Al203,Mg0 
plus a neutralizer 
such as K20 
25 
to 
30 
750 
to 
1300 
Carbon formation is crit-
ical with higher hydrocar-
bons. Needs neutralizerV) 
DEHYDRO- 
GENATION 
Light paraffins, 
light olefins, 
ethyl 	benzene. 
A1203 + Cr203  1 500' 
to 
650 
On other oxide catalysts, 
up to 2% carbon formation. 
TABLE I 13 - INDUSTRIAL PROCESSES WITH CARBON FORMATION-PROBLEMS • 
In kinetically complex systems, coke formation may have an 
effect on the selectivity, as discussed by WHEELER (1951, 
1955) and others and reviewed by THOMAS and THOMAS (1967) 
and SATTERFIELD (1970). In a recent paper, BUTT'(1970) 
discusses the effect of poisoning on the selectivity in 
non-trivial polyfunctional catalysts. 
Many experimental studies have been devoted to the study 
of coke formation on industrial catalysts, mostly on crack-
ing and other oxide catalysts and only a few on supported 
metal catalysts. The various empirical equations proposed 
to describe coke formation and catalyst deactivation have 
been reviewed by SZEPE and LEVENSPIEL (1968) who have 
shown that all the deactivation laws proposed in the liter-
ature are special cases of a general equation 
- dt = K(T) am 
The deactivation of the catalyst poses problems of regener-
ation and of optimum operation policy control. This problem 
is particularly important in fixed bed reactors where very 
uneven conditions of fouling and temperature distribution 
may occur. 
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CHAPTER II 1 
INTRODUCTION 
The present studies have been concerned with carbon form-
ation from light paraffins on group VIII and IB metals. 
The investigation covered not only the kinetic aspects of 
the formation of carbon but also involved study of the 
growth and properties of the deposits. 
The main system consisted of a vacuum microbalance (VMB) 
and associated vacuum line, an on-line chromatograph (GLC), 
a furnace controlled by a platinum resistance thermometer 
(PRT) controller, together with means to measure the press-
ure and temperature with the required accuracy and to record 
the output signals of the VMB and GLC detector. 
The specimen, usually a polycrystalline high purity metal 
foil of about 3.5 cm2 total area, was hung from the VMB 
the system was then degassed and the metal foil 
usually reduced with H2 at the reaction temperature followed 
by further degassing. The hydrocarbon was then admitted 
to the VMB, and the weight of the solid product (carbon) 
recorded during formation. The gases were occasionally 
analysed by GLC. Hydrogen and additives were sometimes intro-
duced into the microbalance by means of a Theppler pump. 
In the present work the system was operating in batch con-
ditions. 
After the deposition, the specimen was removed from the 
system and observed under the optical microscope. Sometimes 
samples were prepared for observation under the stereoscan 
electron microscope (SEM), under the transmission electron 
.711 
microscope (TEM), by electron probe microanalysis (EPMA) 
or by x-ray analysis. Samples were also taken JOr analysis 
of composition, either by conventional elemental micro-
analysis for carbon and hydrogen or by wet-chemistry methods. 
The presence of metals was also tested by emission spectro-
scopy. 
A volumetric adsorption apparatus (BET) was also built for 
determinations of the porosity and surface areas of the 
carbons formed. 
The systems and techniques used in the present work will 
now be described in some detail. 
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CHAPTER II 2 
EQUIPMENT 
A) THE VACUUM LINE 
The vacuum line is shown in figs II.1 and 11.2. A vacuum 
of 5 x 10 -torr was obtained after 1-2 hours degassing in 
normal conditions. When butenes were used a good de-
gassing was much more difficult due to the stronger adsorp-
tion of the gas in the silicone high vacuum grease used in 
joints and taps. In the present system only a few taps 
were greaseless. Regreasing of the more frequently used 
taps was found to be necessary once a month, but other taps 
could be used for two or three months before regreasing. 
The pressure was measured by mercury manometers. Low 
pressures during degassing were measured directly by a 
BIRVAC pirani vacuum gauge and head. This gauge could be 
calibrated against a MacLeod gauge, which offers the 
advantages of giving a reading independent of the nature 
of the gas and of being calibrated from its own dimensions. 
The design and calibration of the MacLeod gauge built and 
incorporated in the vacuum system is shown in fig 11.4 
A T8eppler pump was also made and included in the system, 
and calibrated to allow gases to be introduced into the VMB 
by increments of pressure of 5, 10, 15, 25 or 50 torr. 
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B) THE VACUUM MICROBALANCE 
A C I Electronics MARK I vacuum microbalance (VMB) was 
used. A remote vacuum head was fitted to a suitable bracket 
and end plate to operate inside a glass vacuum head fitted 
with two B 34/35 sockets for the attachment of tubes for 
the counterweight (left) and the sample (right). The end 
plate and bracket were made of brass and fitted with a 
special piece fdr the connection of the electrical cables 
to the VMB head. This piece and the screws to support the 
bracket were sealed with Araldite and were found to be leak 
proof. The end plate itself, being a semi-fixed part, was 
sealed with wax. 
The suspension of the sample and counterweight was made by 
glass fibres. The fibres were used in segments of about 
10 cm for quick damping of oscillations. In experiments 
subject to temperatures in excess of 450°C, silica fibres 
were used. These fibres were found to be easily made and 
offered advantages over metal ones, which would be heavier 
or would bend under hot conditions. Hangdown fibres of 
15-20 mg weight could be easily made of glass or silica. 
Many effects had to be controlled or eliminated before the 
VMB could be used in suitable conditions. In fact, after 
building the system, nine months of work were spent before 
the first carbon deposition run could take place. The main 
pointstobechecked and those that caused trouble were: 
1) The total load was found to affect the noise very much 
and to be roughly proportional to it. The total weight of 
the sample and hangdown pieces was eventually minimized to 
78 
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about 200-250 mg. 
2) Thermomolecular flow (TMF) was not important at the 
pressures used (above 10 torr) and other less important spur-
ious effects like Knudsen diffusion and convection were 
certainly of no importance in the present work. Calculations 
have also shown buoyancy corrections to be negligible. For 
optimum operation a symmetrical design was taken into 
account as shown in Fig II.1, although in the present work 
it was found to be unnecessary. Only the right hand furnace 
was used throughout the work. 
3) Stability is poor in battery operation. For continuous 
recording of weight changes over a period of time, mains 
operation is to be preferred. 
4) With the ferromagnetic metals, Fe, Co, Ni, strong 
magnetic forces were present due to interation with the 
furnace heating current. Fortunately the temperatures used 
were above the Curie point of the more extensively used 
metal (Ni), and in the case of Fe and Co the effect could 
be taken into account. No attempt was made to build a non-
inductive furnace. 
5) The more important cause of trouble was the effect of 
static electricity. This could be caused by admission or 
evacuation of the VMB, by internal convection or even by 
external friction in the walls of the reactor. After 
shielding and other methods were tried with little success, 
the VMB was eventually painted externally with a conductive 
graphite based paint (Acheson's DAG 580). Internal shield-
ing or painting was not desirable in this catalytic system. 
The performance of the microbalance was very much improved 
after the painting: 
Before painting 	After painting 
Stability (shift over a 	25 pg 	5 pg 
period of 24 hours) 
Noise (fluctuations in 	±1.5 pg 	±0.5 pg 
a short period - few 
minutes) 
6) Some mechanical problems were found in association 
with the VMB head setting and suspensions. 
7) The microbalance was found to be sensitive to the 
level of luminosity in the room as a result of the presence 
of sensitive photocells in the head. The painting mentioned 
above also presented a shield to external light. 
The output signal of the microbalance was conveyed to a 
potentiometric recorder through a "matching box" (C I Elec-
tronics) where facilities for expanding range and damping 
were provided. The weight was directly recorded as a 
function of time. Rates were evaluated by taking the 
slopes of the plots. Several types of graph were used, as 
illustrated in Fig 11.5. Each one has its own merits. 
In the present experiments a long induction period was 
observed under certain conditions. In the early stages of 
deposition, maximum sensitivity provided by ranges 1 and 2 
was desirable. On the other hand the fast deposition rates 
attained at later stages could only beconveniently recorded 
in the less sensitive and far reaching ranges 3, 4 and 5. 
Obviously an optimum operation program would involve the 
successive change of ranges during the deposition. In 
'manual operation, this meant permanent attention to switch-
ing to the next range at the right moment, which in some 
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experiments could not be predicted in advance with any 
accuracy. For that reason an automatic range switch was 
devised and designed and built in the departmental elec-
tronic workshop. It is controlled by a microswitch lodged 
in the potentiometric recorder and adjusted to signal back 
when the pen reaches 98% full scale. The result is a 
trace as shown in Fig 11.6. Circuit diagrams of this 
autorange switch unit are included in the APPENDIX. 
The reactor itself is shown in Fig 11.7. It could be used 
in flow conditions with the inner tube in place and by 
using the two side taps as inlet and outlet for the gas 
stream (Fig 11.8). In this case the effective volume of 
the reactor and dimensions may be described in terms of: 
Reaction volume 	20 cm3  
Dead volume in outlet 	6 cm3  
Dead volume in inlet (balance 
head) 	 700 cm3  
Cooling surface in outlet 	110 cm2 
In the present work, batch conditions were mainly used, 
and the dead space was of the order of 1000 cm3. For 
that reason the reactor could be treated as differential: 
in fact the amount of hydrocarbon consumed to form enough 
carbon to cover the whole range of the VMB (10 mg) is only 
5 to 10 cm3 at N T P, which corresponds to a decrease in 
pressure of only about 8 torr for C2 hydrocarbons and about 
4 torr for C4 hydrocarbons. Providing no side reactions 
were present, the change in reactants pressure was negligible. 
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The metal foils were suspended from the silica hangdown 
fibres by a small hole. For powders a silica basket was 
used. 
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C) THE FURNACES 
One of the two twin furnaces built is shown in Fig 11.9. 
They could operate at temperatures up to 1000°C. The size 
of the furnaces was dictated by the geometry of VD/113. It 
was estimated by analogy with similar furnaces that a power 
of 1500 watts would be enough to compensate for heat losses 
at the maximum operating temperature. 
The design of the winding was as follows. 
P = VI cos cib 	P = 1500 watt; cos (I)= 1; V = 220 volt 
I = 150020 
 = 7 Amp; R = I 	
7 
220 	30 0  
2  
Total length of winding (see Fig 11.9) = 9.3 yards 
30 p  9.3 yards = 3.23 c2/yard 
A nichrome wire of 3.09 S2/yard was used. The actual resist- 
ance of the two furnaces was found to be 32 and 33 ohms, 
and the power required to get to 1000°C in a reasonably 
short time (10-15 mins) was just 1500 watts. The power 
required to hold the furnace temperature at 1000°C was about 
950 watts, but it would take about 70 minutes to get there. 
As a result it is concluded that the original estimation 
was correct and the design appropriate. 
The heating and cooling curves of the furnaces under various 
conditions are given in Fig 11.10. They were particularly 
useful for the planning of programmed temperature experiments. 
In static conditions the relation between current and 
equilibrium temperature is given in Fig IL.11. 
The thermal profiles at various temperatures were plotted 
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FIG. 11.10 - HEATING AND COOLING RATES OF THE FURNACE 
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FIG. II.11 - EQUILIBRIUM TEMPERATURE OF THE FURNACE 
VS. CURRENT 
in Fig 11.12. Within the working zone the temperature was 
constant to within ±1°C. 
The furnace temperature was controlled by a PRT controller 
made by AEI, type RT3R. The calibration for the present 
furnace is given in Fig 11.14. It was found to vary with 
time within the region shown, but the temperature could be 
easily corrected by taking into account the slope of the 
curve. This curve refers to a sensitivity setting of 1.0. 
This was in fact the optimum sensitivity for the present 
system. At higher sensitivities it would not control 
properly and an unstable regime with wide fluctuations of 
temperature (3°C) would result.(Fig 11.13). This could be 
improved if the time necessary for a change of heating 
current to .be detected by the PRT probe could be reduced. 
A better location for the probe should be found. In the 
present experiments, however, the performance of the furnaces 
was quite satisfactory. 
The temperature inside the reactor was estimated using a 
chromel-alumel thermocouple placed externally in the pocket 
shown in Fig 11.7. The location of the thermocouple inside 
the reactor was avoided not only because of the possible 
catalytic activity of the component metals but also because 
carbonization of the metals would inevitable occur in the 
conditions used in this work, and the thermal e.m.f. of the 
junction would change. 
The relation between the true reaction temperature inside 
the reactor and the temperature as measured by the external 
thermocouple was the subject of special experiments. The 
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2 
9t1 
difference. of temperature was measured at a low pressure 
(10 tor?) and at atmospheric pressure over a range of temper-
atures, as shown in Fig 11.15. A temperature dependence of 
the difference AT is not apparent. The effect of pressure 
was tested comparing the mean TT of the two sets of values 
at high (U1) and low (171.2) pressures. A well known statistical 
test is used (PERRY - 1963 - pp 2-71). The hypothesis pi = p2  
is made: 
t =1 - -02 	= 1.64 
 
A2 /n + S2/n 1 2 2 
  
2 d. f. = [(Si/n1) + (S2/n2)12  -2 = 7 
     
(S21/n1  )2/(n12  +1) + (S2/n2)2/(n2+1) 
From the "student" distribution, a value of t = 1.89 is obtained 
for P = 90% and 7 degrees of freedom. Consequently the 
initial hypothesis has to be accepted for lack of contrary 
evidence and the effect of pressure on T is not proved. 
The mean of the whole population, the standard error and 
the confidence interval for P = 95% are: 
ET . AT, x n1 + AT2  x n2 = 3.15 4. 2.09 x 1.09  
n1 + n2 	413 
= 3.15 ± 0.51°C 
7,_. (n1-1)St + (n -1)S2  2 	2 = 1.09 
n1 + n2 - 2 
The difference of temperature in programmed temperature 
experiments was also measured for various heating and cooling 
rates. The results are condensed in TABLE 11.1. 
The general conblusion is that the difference of temperatures 
TE
N
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760 Torr 	T1= 3.66°C s1= 1.22 
o 10 Torr 	T2= 2.45°C s2= 1.92 
Overall 	T = 3.15°C s= 1.09 
TEMPERATURE DIFFERENCE, °C 
FIG. 11.15 — TEMPERATURE DIFFERENCE BETWEEN OUTSIDE AND INSIDE 
,THE REACTOR TUBE 
TEMPERATURE 
RANGE (°C) 
CURRENT 
(Amps) 
HEATING (+) 
OR COOLING (-) 
AT 
(°C) 
RATE (°C/min) 
500 - 600 0 - 	8 5 
Lioo - 500 0 - 	7 3-5 
300 - 400 0 - 	6 1-3 
300 - 450 2.5 + 	6.5 5 
450 - 600 3.5 + 15 7 
300 - 400 li + 29 (10-12)* 
400 - 500 4 + 24 (7-9)*  
500 - 600 4 + 20 7 
* Drastic heating rates not used for kinetic studies. 
TABLE II.1 - TYPICAL VALUES OF THE DIFFERENCE AT BETWEEN 
INSIDE AND OUTSIDE TEMPERATURES IN THE REACTOR UNDER 
DYNAMIC CONDITIONS 
96 
varied from 3°C in static experiments to 7°C in the faster 
heating regimes employed; they could however be regarded as 
constant over a scan of temperatures of the order of 100°C. 
The only point to watch is that the gradient takes two 
minutes to readjust when heating or cooling conditions 
change suddenly. 
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D) GAS-LIQUID CHROMATOGRAPHY 
A PYE Panchromatograph was used on line. The original gas 
density detector was found to have a sensitivity of 5 x 10-6 
moles for ethylene and about 10-7 moles for hydrogen. This 
corresponds to partial pressures of 5 and 0.3 ton. This was 
considered not good enough to detect possible intermediates 
, or products and a more sensitive micro katharometer was 
fitted to the chromatograph (SERVOMEX, TYPE MK. 158). 
A Bis-2-methoxyethyl adipate + Di-2-ethylhexyl sebacate on 
chromosorb P 80-100 mesh 132:61:80 column (I) of about 2 mm 
diameter and 25 foot long was used to separate all hydro-
carbons up to c4, operating at room temperature. Argon was 
used as carrier gas. Some peak reversals were obtained at 
first, namely with cis-butene-2, but this was later avoided 
by convenient selection of detector temperature (50°C) and 
carrier gas flow (12 cm2/min). Hydrogen, methane and C2  
hydrocarbons were separated in a silica-gel column (II) of 
4 mm diameter and 6 foot long, operating at 50°C. The gas 
flow was 78 cm3/min. The detector was fed with a constant 
current of 120 mA as controlled by a PYE power supply. This 
current was not exceeded to prevent damaging the platinum 
filaments. 
The signal from the katharometer was attenuated and recorded 
on a 'MATRON UR 402 Linear Integrating Recorder. Calibra-
tion of individual gases was completed by injection of 
known amounts of pure gas, the calibrations being plotted 
in terms of area, as computed by the integrator, and were 
linear for all the gases and over the range of concentrations 
98 
used in the present work. The factors obtained are given 
in TABLE 11.2 together with the retention times. The 
following symbology is used: 
S - sample size (cm3 torr) 
P - partial pressure of component in the sample (torr) 
V - sample volume (cm3) 
X units of counting 
u - actual number of counts in the integrator 
A - attenuation (attenuator) 
R - rate of counting (integrator) 
K - factor, proportionality constant 
on the formulas 
S = P . V 	X u • A R S = KX 
The sample loop was built with a choice of 2.2, 3.1 or 
5.9 cm3. 
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COMPONENT 
COLUMN I COLUMN II 
K t 
min 	sec 
K t 
min 	sec 
AIR — 4 15 2.55 1 00 
HYDROGEN — 4 15 0.20 45 
METHANE — 4 15 0.93 1 30 
ETHANE — 4 50 — — 
ETHYLENE 11,0.1 4 50 — — 
ACETYLENE %0.1 6 00 — 7 	05''•'  
PROPANE %0.1 6 00 — — 
PROPYLENE 0.23 6 15 — 12 00* 
BUTANE — 9 15 — — 
1—BUTENE 0.34 10 40 — — 
TRANS-2—BUTENE 0.34 12 30 — — 
OIS-2—BUTENE 0.45 13 45 — — 
1,3—BUTADIENE 0.24 15 00 •— — 
*At 100°C 
TABLE 11.2 — CALIBRATION FACTORS (K) AND RETENTION TIMES (t) 
FOR GAS—LIQUID CHROMATOGRAPHY (CONDITIONS IN THE TEXT) 
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E) B E T ADSORPTION 
A conventional volumetric adsorption apparatus (B E T) was 
built and used for evaluation of the specific surface area 
of the carbon formed. It is shown in Figs 11.16 and 11.3. 
The MacLeod gauge:was calibrated against the one shown in 
Fig 11.4, and the dead space was found to be 10.7 cm3. 
The specific surface was evaluated by N2 adsorption at 
liquid nitrogen temperature and using the B E T equation 
in the following form: 
P  	1 J. (C-1)  (P 
V(Po-P) 	VmC - VmC `PoI 
where P is the pressure, Po the S V P of N2 in the conditions 
of the experiment, V the volume adsorbed, C a constant and 
Vm '.the volume of the monolayer. From the slope and the 
interception of this plot, Vm can be calculated. The 
specific surface is:. 
S - VmAm 22
N  
,410 
where Am, the surface covered by one adsorbed molecule, is 
02 usually taken to be 16.2 A for nitrogen. 
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CHAPTER II 3 
KINETIC STUDIES 
A) PROCEDURE 
For carbon deposition experiments, a metal foil was cut to 
a convenient size, weighed, cleaned with acetone and sus-
pended in the VMB. The weight of nickel foils was usually 
adjusted to 151±0.5 mg which gave a total area of 3.49±0.01 
cm2. In this way the counter weight did not have to be 
adjusted and the area of the foil was kept constant. This 
was of advantage in the calculations of specific rates 
(rates per unit area). 
Before the reaction the system was degassed at room temper-
ature, and then at reaction temperature for some time. In 
many cases the foils were reduced with hydrogen. A typical 
plan for the whole run is shown in Fig 11.17. The actual 
conditions used in every case are given in TABLE 11.3. 
It was found that in some systems three periods could be 
defined for carbon deposition: 
1 - Induction period, with little carbon deposition. 
2 - Transient regime, with a time-dependent rate. 
3 - Steady-state deposition, time-independent kinetics. 
For that reason some experiments were completed to obtain 
information mainly from one of those periods. For the 
kinetics of carbon growth, studies in period 3 were particu-
larly useful. For that reason special series of runs were 
carried out under steady state conditions in particular 
systems, for evaluation of the partial orders of reaction to 
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.Evacuation, check liquid nitrogen level. 
Furnace set at reaction temperature. 
ADJUST: furnace temperature, speed, range. 
CHECK: vacuum, microbalance stability. 
Admit hydrocarbon, adjust zero. 
Furnace off. 
Short evacuation. 
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Prepare run. 
CHECK: water in, traps, damping, range, 
speed. 
SWITCH ON: balance, pumps, recorder, 
gauge. 
Diffusion pump in line. 
Fill dewars. 
Furnace on. 
Hydrogen in, furnace up. 
Evacuation of lines. 
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FIG. 11.17 - Plan for carbon formation experiments 
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RUN 
N° 
FOIL 
* 
GAS DI-6.55 1. REDucTio Al OtGA5511\16 
REACTION 
AT 25% 
ThIE,min 
F3,4 
tort 
-r 
°C 
TimE 
m)17  
T 
°C 
TIME 
min 
r ; 
Corr 
PH 
Thrr 
T 
° 
1 cis-qn, 45 270 20o 43 550 
2 M 75 - 40 280 1 gii - 540 
3 M , 60 533 200 48 540 
4-  N; , 50 - - 310 120 48 - 53.1 
6 Ni fl 240 - - 275 100 45 - 576 
7 N; i 50 274 200 42 - 572 
8 N1  , 110 52 275 125 275 30 50 578 
.9 Ni  ►, 50 573 300 49 - 573 
10 N 1, 50 574 60 50 — 574 
11 N; 90 59 325 90 574 220 155 - 57Z 
12 N; 50 50 375 50 574 300 152 - 573 
13 Ni 30 50 325 70 550 250  156 - 550 
14 N; 30 50 325 90 .525 160 153 524 
15 M , 30 50 370 30 472 180 -156 472 
16 M 30 50 320 40 54-8 140 153 - 498 
17 M 30 50 320 40 625 130 150 625 
18 M 30 50 32o 45 599 120 151 — 598 
19 M , 30 — — 547 20 152 547 
20 M 30 552 150 99 557 
21 N; 30 546 80 629 - 547 
22 M , 30 545 120 50 547 
23 Ni 75 50 32o 30 547 65 100 — 547 
24 Al; 90 50 320 70 545 60 259 - 545 
25 m.  60 50 320 80 487 ii 151 - 487 
26 Fe n 20 ' 50 320 65 548 65 150-340 — 548-600 
WHEN A FOIL. FROM A PREvIOU5 Run! 15 USED, THE 
NUI1BE.R i5 GIVEN 
TABLE 11.3 - EXPERIMENTAL CONDITIONS USED 
(CONTINUED ohl THE FOLLOWING PAGES) 
106 
RIM 
N° 
FOIL 
)1  
GAS DEGI155. RgDOC -ri 0 A/ 
DEG/1551A/G REA C.ri 0 V 
Ar25°C 
Tilit,tnin 
pi# 
-1—._ cur r 
-7—  
°C 
TIME 
rni r) 
T 
QC 
TIME 
inin 
Po 
torr 
Pii 
torn 
7  
°C 
27 Co 65-cos 50 50 325 60 55-0 55 152 — 550 
28 (21) 1 20 — — 550 230 150 — 5.44 
29 (28) 20 — — — 546 120 152 — 54 6 
30 (29) 20 — — — 546 100 152 — 546 
31 (30) 20 — — — 540 90 153 — 556 
32 (24) 20 — — 547  7Q 146 — 547 
33 G 20 50 335 05 544 50 152 — 5q-665 
34 re 20 55 303 80 547 60 150 — 547601 
35 Ali 30 — — 548 180 58-98 — 548 
36 Ni 30 — — — 547 120 50-74 — 547 
37 N; , 40 — — — 546 65 99 — 546 
38 Ai; ri 30 — — 546 20 151 — 54- 6 
39 Ni 3o — — 550 65 200 — 546 
40 Al 20 50 320 40 546 60 51 — 545 
41 Ali i 20 — — — 543 50 52  — 543 
42 Ni •, 60 — — — .530 60 .50 — 538 
43 iv/ , 60 — — — 540 150 49 — 54o 
44 M i 30 503 32o 50 550 90 149 — 550 
45 GRAIIIITg i 45 — — — 550 40 1'50 — 550 
46 CIIRCOV a 20 — — — 550 30 155 — 550 
47 ChRBAI 20 50 320 6 0 55D 4o 150 — 550 
48 MOON .30 — — — 550 35 15 — .944 
49 cwoir 30 — — — 545 3o i47 — 544 
50 Fe k 70 53 32o 4o 550 120 149 — 600 
51 Fe N 60 51 320 	 5 67 150 — 567 
?r,  SEE" NOTE ON P4GE 105 
TABLE _71.3 — (CONTINUED) 
RUN 
N °  
FOIL 
A; 
GAS PE6,45.5, 
AT 25°C 
TIMEA•pt 
RE' DUCT/ON DE-6455/N6 REACTION 
IAN  
Thrr 
T  
°C 
vigar 
min 
T 
°C 
TIME 
Min 
no 
tOrr 
Piii 
TO rr 
T 
C 
52 Fe cis-c-4119 20 55 320 65 600 50 151 605 
53 Fe 1  I 30 50 320 70 6 /5 110 151 - 615 
54 Fe 4 30 50 320 30 550 160 149 - 579 
55 Fe h 20 - 595 25 14 6 - 595  
.56 Fe ii 20 50 320 35 595 25 449 - 595 
57 /v; b 20 100 320 60 557 130 150 - 557 
58 M  h 200 100 320 45 550 140  153 - 550 
59 (58) „ 20 - - 550 200 150 - 550 
60 (59) 4 20 - - - 550 200 j43 - 55-8 
61 (60) is 80 - - 547  120 150 - 547 
62 A' ri 20 - - - 546 20 151 50 546 
63 Ali r, 20 50 320 35 547 20 50 5,0 547 
64 ,v „ 80 50 3/0 40 553 60 46 67 553 
65 Ni „ 20 50 320 35 553 80 53 9 553 
66 Ni t. 20 50 580 35 580 3 50 - 556 
67 Ni ,, 20 50 557 35 557 2  50-39 0-11 557 
68 m n 20 242 551  ao /2-50 214- 36 55 3 
69 Ni st 20 50 470 60 552 30 28 -54 40-170 552 
70 Ni 6-4 1/6  20 50 3W 25 552 160 42 53 552 
71 Ni 65-4-08 20 - 552 5o 23-10 61-50 552 
72 IV; ti 20 So 452 120 47 54 452-475 
73 Ni CA 20 50 320 60 553 120 625 553 
74 Ali CZ  N4 20 50. 32a 120 550 120 151 - 550 
75 Ni Cz1-4 20 56 320 50 550 120 49-65 0-85 552 
76  (65) as-cog 20 - 550 90 50 50 555 
SEE NOTC on/ PAGE 405 
407 
• TABLE 1L3 - (Co/VT/WED) 
RUN 
N° 
FOIL 
Ac 
G- A5 DE6455. 
AT 25ac 
TIME,"a" 
REDUCTION DE64551Ai4 REACT1cw 
Pm. 
Corr 
T 
°c 
TIPIE: 
min 
T 
*c. 
TIME 
min 
Po 
iorr 
pl÷  
Torr. 
T 
c.. 
77 (65) a5-4119 20 50 554 30 554 2 47 37 555 
78 (69) ii 20 — 551 60 50 50-140 551 
79 Ni (1114 240 50 552 60 50-200 50 552 
80 m u. 20 - - 551 60 50 50-200 551 
81 Ali ir 2Q 553 90 25-2oo 25 553 
82 Ari ii 20 — — — 554 60 25 25-200 554 
83 Ali if 20 — — 550 80 25-100 200 553 
84 (80) it 20 — — — 553 60 100 25-200 553 
85 (81) I, 20 - - 553 20 700  25-50 554 
86 (83) „ 20 — — 553 80  50 100 553 
87 6RAPNE if 20 — — — 555 60 50 50 555 
88 Ni Ii 20 - - - 500 150 100 25-200 500 
89 Ah. 0 20 - - 528 200 25 25-200 528 
90 N; 1, 20 - 526 60 25-200 75-100 526 
91 Ab• n /12 20 - 527 60 25 25-100 524 
92 Ai/ 6-2 114 20 - - - 500 70 50 50 500 
93 Ni cz ilz 30 - - - 550 60 100 - 525 
94 Ni 11 10 — 525 210 100 49 525 
95 M I, ZO — 523 210 4-20 0-250 528 
96 Ni n 20 - - 475 /50 20 0-5-0 476 
97 Ni n 20 — 425 120 20 to 50 427 
98 1v( ii 20 - 478 240 4-00 10-50 476 
99 (88) 6 H4 20 — 500 85 200 25-200 500 
loo (g9) ii 20 — — 50:3 40 50 25-200 503 
101  (foo) . 20 — — 500 4o 25-100 25-100 503 
;I: SEE NOTE ON PAGE •i05 
TABLE _11:3 — (CONTINUED) 
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Raw 
AP 
row.. 
* 
645 PF055. RE-Dticriom D&- Asstiva I Re-A cri o w 
4r 2.5'c 
mit;m14 
p, 
torr 
-r. 
°C 
Time- 
1111.6 
-I-  
(76  
TIME 
".° 
Po 
tort 
pp 
err 
-T- 
°C.  
102 (8.9) C2ii4 20 - - - 525 40 100 25-100 52.5 
103 (90)  ii 20 525 60 25-200 25-2oo 527 
104 (91) ii 20 - - - 500 80 25-200 50 500 
105 (92) h 20 - - - 500 180 50 50 501 
106 (95) c2ilz 20 - - - 500 1000 50 20 528 
107 6roPitia I ,  240 - - 9'01 60 100 30 501 
108 Ni it 20 - - - 475 48 4-10o 1050 475 
109 " 11  12o — — — 450 60 20-322 10,-.5-0 175-175 
110 n it 60 - - - 529 210 10-200 10 50 529 
11/ ,, c2116 60 50 550 25 550 60 100 50 554 
112 if gi 60 - - 607 120 101 - 60-652 
113 I ,  " 120 - - - 500 go too 0-200 502 
114 n " 20 - - 507 360 100 100 507 
115 11 c2/14 20 - - - 550 150 25 25-50 555 
116 I ,  'i 30 • - - - 550 65 25 25-100 500-550 
117 if ii 30 - - - 502 85 25450 50-10D 50/ 
118 0 it 15 - - - 503 240 5-200 25-50 503 
119 a it 20 - - - 500 50 25-200 5-20o goo 
120 it t. 20 - - - 500 40 5 -200 5-.200 552 
121 (111) c2 H620 - - - 553 30 200 - .5 -1 
122 (114) it 240 71 550 100 551 10 40/ - 551 
123 (120) c2 1-1 4 20 - - - 475 230 25-5o 5-Zoo 4-75 
124 (148) 1, 20 - - - 475 60 5-2.0o 25 475 
125 (124) ft 20 - - - 450 30 25 5-200 450 
.126 (125) i, 20 - - - 450 30 5-200 25 451 
* 5EE NOTE. ON PAGE 105 
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TABLE IL .3 - (coNTiNUED) 
RUN 
N'' 
FOIL 
1(  
645 Dr&Ass. 8EDuC770n/ DE6-4s5Jva REACT/ON 
AT Z5°C 
ritre,min 
pm. 
Trr 
_ 
c'c 
TII1E-   
olio 
T 
°c 
TIME 
#17 ;e, 
Po 
r- i• 
P,{ 
-torr  
T 
°C 
127 (426) 6,11 4 20 400 90 5-200 25 402 
128 (416) if 150 401 35 X 5-100 401 
129 (128) I. 20 60D 370 25 25 TG 
13o ((o8) C-diz 60 - 300 60 -100 - II 
131 (109) " 60 230 10 100 
132 (131) " 300 - 250 10 100 li 
133 (97) " 60 - - 23o 35 100 
134 (36) ci5-64118 16o - 230 30 25 25 I,  
135 (20) " 90 526 30 5-200 5-200 5R-553 
136 (135) ' 120 - - 553  30 10-/oo 5-20o 577553 
137 (136) 1. 20 230 30  50 5o rei 
138-A (16) vAgiuus 60 - 525 15 50 5-20 525 
135-8 038-10 +/litmus 20 525  20 50 50 5'25 
139 Pt C2H- 4 20 50 504/- 50 504 0 z5 25 59-5e,-,  
140 Pt 6.5-(4fig 20 527 3o 52 50 TG.  
144 Ni C,114 30 50 552 17 552 9 25 25 552 
142 ,, n 120 552  5 25 25 552 
443 I ,  ii 20 532  30 25 25 552 
144 .1 6312 80 422 55 25 422 
145 1,  ( - 116 120 475 90 25 25 r6 
146 ii c0./6 20 478 85 25 25 ii 
147 if c2 /-14 20 483 75 100 25 ii 
148 if fr 20 - 480 160 00 5-2S ' 
149 u C31-16 20 480 55 25 100 ii 
150 b Oka liC 20 — 550 30 25-200 5-00 427-586 
* SEE NOTE ON PAGE 105 
	TG —71-1E AM 06 RtIVINCTRY 
TABLE H 3 - (coN-rifvuED) 
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RUN 
N ° 
FOIL 
k 
CA5 DEGA55. REDUCTI 01V DE6:45514/ RCA6 T% OA/ 
AT 25°C 
TrnE, h,;„ 
P, - 
1rr °C 
T/ HE 
ruin) °C., 
TIME Po 
m hi ton' 
Ri 
Lore °C.,  
153 Pd C2liz 20 - - 504 100 50 - 504 
154 Iv  Cz 1}4  ZO 475 70 25 23 477 
155 (14) 1-C4nv 20 -. - 500 120 25 25 76 
156 (35) 20 - 477 3o 477 
157 (047) i-c4#8 20 475 120 100 25 TG 
158 (157) c3H‘ 20 478 30 00 25 1, 
159 (149) 614 20 480 30 100 25 gi 
160 (156) Os-cos 20 - - 460 120 25 25 460 
161 (160) nit4 20 - - 460 30 25 25 460 
162 (161) cis--(44 20 - - - 460 30 25 25 460 
163 (162) 1-c4lle 20 - 462  30 25 25 462 
164 (163) ii 20 - 570 60 25 5 T6 
165 r?i,piii7-5 Czliz 20 525 200 100 - 529 
166 (16S) cz.#4 ZO - - 528 3o 5o 25 528 
167 crvpio-  1 , 70 - - 476 130 ioo 25 476 
168 Ca t1s-(414,  40 100 551 50 551 be  98 25 551 
169 Co ii 20 - 550  12o 101 5o 550 
fro re ' 20 66 550 15' 550  3o 104 ?-0-oo 55o 
171 As 20 553 65 too  25 553 
172 Au 8o - - 554  5  /00 25 550 
173 (450) 20 - - - 459  35  100 25 459-52D 
174 sre-el 20 - - 555 60 lof 23 555 
175 re 20 - 550 75 gg 30 550 
176 co i 2o Go 556 5 556 11 85 7 556 
( SEE NOTE OW RAGE dos 
	
TG TH ER MOGR1 METAy 
TABLE ]1:3 — (coNT/NuE- D) 
111 
the hydrocarbon. and to hydrogen and the apparent activation 
energy. The planning for these experiments is described in 
the next section. 
Some experiments were also performed to test the effect of 
NO addition and the effect of total pressure by He addition: 
4f2 
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B) MATERIALS 
High purity polycrystalline metal foils were used through-
out this work. Stainless steel, nickel supported on 
kieselghur and graphite of high crystallinity were also 
used. Details of these materials are given in TABLE 11.4. 
Carbon formation on a graphite specimen with a deposited 
nickel film was also attempted. The specimen was prepared 
by evaporation of a piece of nickel wire (Johnson and 
Matthey, Grade I, 0.25 mm (1)) of a convenient length. The 
deposition was carried out in the BALZERS coating unit 
referred to in 11.4. The nickel wire was suspended from_a_ 
tungsten wire'used as heating source. For the calculation 
of the thickness it was assumed that the evaporation is 
complete and takes place in all directions, and that the 
graphite foil is an element of surface of a sphere of 
radius 4 cm (distance from the source to the foil). 
The hydrocarbons were supplied by the British Oxygen Com-
pany or The Matheson Company and were C P grade (99% 
purity or better). A further purification was sometimes 
made by distillation. The purity was occasionally checked 
by GLC. 
The hydrogen and helium were commercial grade and grade A 
respectively (99.9% min) from BOC, and the nitric oxide 
was C P grade(99.8% min) from the Matheson Company. 
TABLE II 4 
SUBSTRATES USED IN THE PRESENT WORK - 
MATERIAL PURITY THICKNESS 
mm 
ORIGIN 
Fe 4N5 0.06 JM 
Co 4N5 0.1 JM 
Ni 2N7 0.1 MR 
Pd 4N 0.01 MR 
Pt 4N 0.01 MR 
Cu 5N 0.2 JM 
Ag 6N 0.02 MR 
Au 5N 0.005 MR 
St Steel 3N 0.025 GD 
Graphite Synthetic * 
GD - GOODFELLOW METALS LTD 
JM - JOHNSON AND MATTHEY 
MR - METALS RESEARCH LTD 
* - BY COURTESY OF PROFESSOR A R UBBELHODE, F R S. 
114 
115 
C) PLANNING OF EXPERIMENTS 
In general the rate of carbon formation (r) might be con-
sidered the product of a function (1) of time (t), temperature 
(T), pressure of hydrocarbon (Po), pressure of hydrogen (PH) 
by a function 11) of the past history: 
r = Igt„T,P0,PH) x ip  (history) 
Under steady-state conditions this becomes: 
r = (1)(T,P0,PH) x i ; i = const. 
We may then consider a "space of experimental conditions" 
as pictured in Fig 11.18 with coordinates T, Po and PH. 
Three types of simple experiments or series of experiments 
can be envisaged in which one of the variables is changed 
and the other two are kept constant. This corresponds to 
the exploration of directions parallel to the three axis, 
as represented in the figure. The studies give values of 
apparent activation energies for the T direction, order to 
hydrogen pressure for the PH direction, and order to olefin 
pressure for the Po direction. 
For a given temperature, a two dimensional investigation 
can be carried out to cover a certain "grid" from which 
values of orders of reaction can be calculated. In fact 
the orders of reaction are not completely independent, as 
shown in Fig II.19, and the internal consistency of the 
results can then by tested. 
It is not realistic to try to find a model for q taking 
the values r. . as a basis because they are not reproducible 1,3 
/ ORDER TO HYDROGEN (y) 
r = K po pH 
Ea  
K = A e Pr  400 
7 300 
200 
50 	100 	 200 
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by 
4 
	HYDROGEN PRESSURE" (PH ) Corr 
e 
FI6 ..11: 18 - THE SPACE OF EXPERIPIENTAL CONDITIONS 
AND TYPES OF KINETIC IN VESTICATION5 
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FIG 11.19 - The grid for orders of reaction at a given 
temperature and relations. 
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due to the apparent difficulty in controlling IP. This 
problem can be avoided if the ratios b of r values referring 
to the same experiment (ie same 0 are used, that is to say, 
using the orders of reaction x and y as a basis for model 
discrimination: They are found to be independent of 	and 
a function of c only. 
It would be unwise in the present work to attemp a predefined 
factorial design for lack of basic information concerning 
the systems under study, although some exploratory factorial 
design was used. The objective of the present study is to 
find basic information to allow drastic restrictions to be 
made in the high number of possible mechanisms and models 
for the reaction of carbon formation in the conditions used. 
If only one or a few possible mechanisms remain, a more 
quantitative approach may be taken in future investigations. 
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CHAPTER II 4 
MICRO-STRUCTURE AND COMPOSITION STUDIES 
A) MICROSCOPY 
The morphology of the carbon formed was observed under the 
optical microscope (OLYMPUS N Tr), the electron microscope 
(JEM-7) and the stereoscan electron microscope (Cambridge 
MK II A). 
With the optical microscope dark field illumination was 
found useful with many samples. Photomicrographies were 
taken using an OLYMPUS PM-6 apparatus. 
Specimens for TEM were prepared by covering a piece of the 
sample foil with an amorphous carbon layer (about 240 A thick) 
in a High Vacuum Coating Unit MICRO BA 3 (BALZERS). The 
metal foil was subsequently etched out by conc .HC1 plus a 
few drops of HNO3 if.necessary, rinsed with distilled H2O 
and mounted on copper grids. The thickness of the carbon 
film was monitored by the interference colour (deep blue) 
obtained on a gold coated aluminium foil. 
For SEM observation the foils were only stuck to the 
specimen stubb by a conductive glue (DUROFIX). 
Electron probe microanalysis and x-ray non dispersive 
spectrometry (ORTEC attachment to the SEM) were also used 
to relate topography with composition. 
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B) ANALYSIS 
The carbon formed was analysed by conventional elemental 
micro-analysis for carbon and hydrogen. Traces of metals 
were analysed qualitatively by emission spectroscopy. Due 
to the difficulties involved in obtaining a reliable calib-
ration in this technique, no quantitative evaluation was 
attempted. In certain samples of higher nickel content it 
has been possible to get an approximate analysis by 
conventional wet chemistry methods, using dimethyl-glyoxime. 
The analysis of the structure of the carbon formed was made 
by x-rays, using a PHILIPS PW 1310 Diffractometer and by 
electron diffraction using a JEM 7 electron microscope. 
For XRD a sample of the nickel foil was taped to a glass 
slide to be placed on the stage. Carbon powders were 
fixed to the slide with glue. Cu Ka radiation and Ni filter 
were used. For carbon powders the powder method was also 
used. From the intensity curve obtained directly from 
XRD or from the powder method film using a microdensitometer, 
the crystalline dimensions could be evaluated using the 
following formulas due to Scherrer and Warren: 
L = 
184 X 0.94 X  
a 	B
a 
cos 0 	Le 	B
c 
cos 0 
valid for colloidal particles and where Ba and Bc are the 
half-height breadths of the peaks for (100) and (002) 
reflections respectively, A is the wavelength and 0 the dif-
fraction angle. 
When electron diffraction is used cos 0=1, and if dc is the 
interlayer distance for the (002) reflection and da for 
the (100) reflection it can be shown that: 
= 1.84 r da 
Ar 	c 	
0.94 r dc  La 	L = 	Ar 
where r is the ring radius and Ar the linear half-breadth. 
For accurate work the so-called "instrumental broadening" 
has to be deduced. (FITZER et al- 1955 , ERGUN- 1968 ). 
The values of da and dc are of course obtained from the 
diffraction angle 0 by the use of Bragg's law 
2d sin 0 = nX 
For the measurement of the electron diffraction patterns, 
a travelling microscope or alternatively enlarged photo- 
graphs were used. The identification and interpretation 
of the patterns were carried out with the help of the ASTM 
Powder Diffraction File and the book by ANDREWS et al (1967). 
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CHAPTER III 1 
KINETIC STUDIES ON NICKEL 
A) PRELIMINARY EXPERIMENTS 
Cis-butene-2 was used in all preliminary experiments. At 
temperatures in the range 530-580°C and pressures between 
40 and 50 ton carbon deposition occurred at rates of between 
0.5 and 2.5 pg/cm2 min. A short induction period was 
observed in some cases of up to ten minutes. In general a 
constant rate was observed for ten or twenty minutes, with 
a tendency to slow down.at longer deposition times. At 
higher pressures, however, carbon formation was found to 
exhibit autocatalytic behaviour. The results of a typical 
series of experiments is presented graphically in Fig III.1. 
Three periods can be considered in the process as follows: 
an induction period of importance at low pressures and/or 
low temperatures, during which no deposition could be 
detected; an acceleratory period; and a steady-state 
regime. The attainment of a steady-state deposition is 
perhaps better understood in a graphical representation of 
rate of deposition vs time or vs amount of carbon deposited 
(Fig 111.2). From the rates of deposition at various temp-
eratures under steady-state conditions a rough estimate of 
the activation energy could be made, as shown in Fig 111.3. 
Experiments at constant temperature (545°C) and various 
pressures were also performed (Figs 111.4 and 111.5). Although 
the reproducibility was not very good, a good correlation 
between final rate of deposition and hydrocarbon pressure 
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was obtained (Fig 111.6). The lack of reproducibility was 
especially critical for the induction period, and the 
mode of pre-treatment of the sample seemed to be of import-
ance. In a series of experiments the "history" of the 
sample was kept carefully constant and an interesting 
Arrhenius plot for the induction time was obtained (Fig 111.7). 
Further studies have shown that the fast deposition does 
not occur above 580°C although it could go on at somewhat 
higher temperatures (600°C) if started at a lower tempera-
ture. If a deposition under steady-state conditions was 
stopped by lowering the furnace, and the system reheated again, 
the same rate was resumed almost immediately. If, on the 
other hand, the reaction was stopped by evacuation, the 
original rate was not immediately restored by readmission 
of fresh reactants unless the evacuation had been quick (a 
few minutes, no degassing). 
Another important observation concerned the positive effect 
of hydrogen on the reaction, especially in reducing the 
induction period. Helium addition seemed to have no effect 
on the rate of reaction. 
The extension of the work to other gases has shown that the 
deposition from other olefins and from acetylene has similar 
kinetic behaviour. With methane and ethane, no speed up 
occurred and „the deposition was comparatively slow. 
In the light of these preliminary results a more detailed 
plan of experiments could be designed to investigate the 
orders of reaction with respect to hydrocarbon and hydrogen; 
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energies of activation and the effect of pre-treatment for 
a selection of hydrocarbons. The results are presented in 
the following sections. 
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B) ACTIVATION ENERGIES UNDER STEADY-STATE CONDITIONS 
It has been found possible to obtain basic data for carbon 
formation rates over a wide range of temperatures by oper-
ating the system thermogravimetrically. Intermediate 
pressures for hydrocarbon and hydrogen were selected and 
the reaction allowed to speed up at a fixed temperature 
(v.g. 500°C). When the steady-state regime was attained 
the furnace was•iallowed to cool down, the deposition being 
continuously recorded. When the rate became negligible 
(300-350°C), the furnace was heated up at a given heating 
rate and a wide range of temperatures scanned. When there 
was good coincidence for the rates of reaction in the 
region scanned twice (350-500°C, both downwards and upwards) 
this was taken as evidence that the rates referred to a 
true steady-state situation. The deposition of carbon on 
nickel from acetylene, ethylene, propylene, 1-butene, cis-
2-butene and butadiene was studied in this way. 
The Arrhenius plots for the rates of reaction all show a 
maximum at about 500-550°C and a minimum usually at 600-650°C, 
as represented in Fig 111.8 for butene-1. Three kinetic 
regions can be defined: a region RI at lower temperatures, 
with a positive apparent activation energy (Ea>0); a region 
RII at intermediate temperatures, where Ea<O; a region RIII 
where Ea is again positive. Although the reproducibility 
was not very good from one experiment to another, region 
one has shown nearly the same activation energy not only 
for a given hydrocarbon (Fig 111.9) but for all the olefins 
used and for acetylene (Fig III.10). The pressure of hydro-
carbon- or hydrogen had no- effect on the slope in region RI 
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but seemed to affect the kinetics in RII and RIII (Fig 
III.9). The rates of deposition from ethylene presented 
a difficulty. Although the activation energies obtained 
when scanning down the temperature were generally in the 
normal range found for other olefins (28-33 k cal/mole) -
the values obtained from the rates when scanning up were 
invariably higher, usually in the range 47-50 k cal/mole. 
The deposition from acetylene was found to be different in 
several ways. The process does not require the presence of 
hydrogen and speeds up very quickly. The reproducibility 
with regard to rates at given conditions was very poor and 
in some experiments deposition did not start at all without 
any obvious reason. However, the activation energies 
obtained from three different experiments were always 31±2 
k cal/mole for region RI and 50±2 k cal/mole for RIII 
(Fig III:11). This constancy for RIII was not observed 
for other hydrocarbons as mentioned above and the value 
obtained here coincides with the one reported in the liter-
ature for the homogeneous pyrolysis of acetylene as given 
in the introduction (I.4-A). 
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C) ORDERS OF REACTION UNDER STEADY-STATE CONDITIONS 
The orders of reaction at a given temperature were measured 
allowing the reaction to get to steady-state at certain 
pressures of hydrogen and hydrocarbon and then increasing 
the pressure of one of the components step by step using 
the TBeppler pump referred to in II 2. 
The results for ethylene are condensed in TABLES III.1 to 
111.4. The values of the rate for a given set of experi-
mental conditions were very dependent on the "history" of 
the sample as can be seen from comparison of the values in 
the shaded squares in TABLE III.1 with the ones in TABLE 
111.2. The reproducibility of the results in TABLES 111.3 
and 111.4 was better and many rates could be reproduced to 
±10% and most of them to ±30%. Each value of the rate 
reported is usually based on the results of two to six 
experiments. The values of orders of reaction are more 
reliable, for the reasons given in II.11. In the case of 
ethylene it can be seen fromthe tables that the orders to 
hydrogen are generally very low while the orders to the 
hydrocarbon show low values at low temperatures and high 
pressures with a tendency to approach 1 at higher tempera-
tures and low pressures. This is a logical result if low 
values of the order of reaction are related to a strongly 
adsorbed intermediate covering the whole surface. 
The deposition for cis-2-butene (TABLES 111.5 and 111.6) 
shows similar features with three main differences. First, 
small values of the order of reaction to the hydrocarbon 
are still obtained at temperatures as high as 525°C 
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and pressures above 100 torr, while for ethylene at the 
same pressures the equivalent temperature is about 425°C. 
The second difference refers to the effect of hydrogen, 
which seems to be required above a certain critical pressure 
for fast deposition to occur, or at. least to occur with a 
quick speed up. This limit is roughly 10 torrat 525°C, 
25 torrat 550°C and 40 ton at 585°C and is the reason for 
the inclusion of values between brackets (reaction not 
under steady-state conditions) in TABLE 111.5. The third 
difference is the existence of values of orders to hydrogen 
of 1.0. 
Studies of orders of reaction were also made for carbon 
deposition from 1,3-butadiene, acetylene and propylene. 
Butadiene shows values for the order of reaction to hydrogen 
close to zero at 500°C, and an order to the hydrocarbon 
equal to one at low pressures but decreasing at higher pres-
sures (0.5 at 25 torr). These results are similar to the 
cis-2-butene system. Acetylene differs from the butenes in 
that hydrogen is not necessary for a quick speed up to 
occur, as mentioned in the previous section, and indeed the 
orders of reaction to hydrogen were always zero. The order 
to acetylene at 425°C and 475°C was close to Values for 
ethylene, again suggesting a less strong adsorption thah 
the C4 olefins. The reproducibility of the rates of depo-
sition from acetylene was found to be particularly difficult, 
with periods of speeding up and slowing down that could not 
be properly interpreted. Propylene at 575°C shows very 
similar behaviour to C4 hydrocarbons, with orders to hydrogen 
difficult to evaluate at low pressures due to time-dependent 
effects, and equal to 1.0 above 100 torr(cf TABLE 111.5). 
The order to propylene between 25 and 50 torrwas found to 
be 0.8, again in agreement with previous values. 
Studies of orders of reaction at high temperatures (region 
RIII) were also made for acetylene, propylene and 1-butene. 
Both 1-butene at 7800C and propylene at 7150C gave orders 
of 1.0 in the region 100-150 torr, but less obVious values 
at low pressures, especially in the case of propylene where 
orders close to zero seemed to occur. In both cases the 
deposition was found to be hydrogen independent. In 
contrast acetylene gave values of 2.0 at higher pressure, 
confirming results reported in the literature (cf 1.4-A); 
again the behaviour of the system at low pressures seems 
to be complex (see Fig 111.12). 
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D) ADDITION OF HELIUM AND OF NITRIC OXIDE 
The effect of total pressure on the rates of carbon formation 
was tested by admission of helium to the system when mixtures 
of cis-butene- 2 and hydrogen were depositing carbon under 
steady-state conditions. The experiments were carried out 
at 455 and 5550C, and the results were interpreted as 
helium having no effect on the deposition, although at the 
latter temperature some short-term effect was observed 
(Fig 111.13). This behaviour, however, was attributed to 
the fact that immediately after the admission of helium the 
reactant gases were compressed in the reactor, the concen-
tration (and partial pressure) being higher than its equi-
librium value until complete mixing had occurred by diffusion. 
Taking into account the geometry of the microbalance this 
is likely to be of some importance when high orders to 
hydrocarbon and/or hydrogen are operating. 
The effect of NO on the other hand was found to be quite 
spectacular in all three cases that it was tested (Fig 
111.14). The addition of air was also tested, to check the 
possible effect of traces of oxygen on the process. The 
effect was nil. 
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E) NON STEADY-STATE STUDIES 
Some experiments were made to find out which factors inf-
luence the induction period and the way the rate of deposi-
tion speeds up. The more important factors were the 
pre-treatment of the sample and the order of addition of 
the reactants. 
An example of the effect of the order of additions of the 
reactants is presented in Fig 111.15. Hydrogen and ethylene 
were admitted at a one minute interval or less. The final 
rate is the same, but the speeding up is much slower when 
hydrogen was admitted first. This effect is only important 
at higher temperatures (550°C) and more examples are 
presented in TABLE 111.7. The so-called "half-rate" time 
is the time taken to develop a rate of half the steady-state 
value. 
The effect of pre-treatment is illustrated in Fig 111.16. 
It was found in general that a period of annealing is necess-
ary for quick speed up, and that reduction by hydrogen makes 
the deposition more difficult. 
The effects described do not affect the steady-state 
deposition rate directly, and its reproducibility is some-
times quite independent of the past-history (see TABLE 111.8 
and lower curves in Fig 111.17). 
The upper curves in Fig 111.17 show two different cases in 
which very fast rates were observed in early stages and 
deceleration to steady-state conditions took place. In 
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RUN I 
No 	1,, _. 	. 
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REACTANT .. 
SECOND 
REACTANT 
TWP 
'C 
• 
HALF-RATE 
TIME (min) 
INITIAL RATE 
(Pg/cm2 min) 
11 
1[79 
80 
81 
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82 
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50 tom H2 50 	n 	C2H4  
25 	0 . H2  
25 	0 	H2 
25 	P . C2H4 
25 	n 	C24 H,  
200 	11' 	H2 
50 tom C2H4 I.
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25 	n 	C24  H, 
25 	" 	C24  Hi. 
25 	u 	H2 
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ti 	0 
24 
20 
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0 
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TABLE 111.7 - THE EFFECT OF THE ORDER OF ADDITION OF THE REACTANTS 
ON THE INITIAL RATES OF REACTION 
RUN 
No SUBSTRATE PRE-TREATMENT ........ 	% 	. 	.. 
FINAL RATE 
(pg/cm2 min) 
92 Bare Ni 1 hour degassing at 500°C 68 
103 Carbon on Ni Short evacuation at 500°C  66 
103 Carbon on Ni More than 3 hours degassing at 66-72 
500cC 
TABLE 111.8 - THE INDEPENDENCE OF THE STEADY-STATE RATE FROM "HISTORY" 
(T = 500°C, 50 torrC2114, 50 torrH2) 
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TIME (i) min 
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RUN 
N°  
REDUCING 
at 550°C 
(min) 
ANNEALING 
at 550°C 
(min) 
DEPOSITION 
1141 17 9 SLOW SPEED UP 
1142 0 5 NO SPEED UP FOR 1 HOUR 
1143 0 30 QUICK SPEED UP 
Fig 111.16 - EFFECT OF PRETREATMENT ON THE INITIAL RATES 
OF CARBON FORMATION (550°C, 25 torrH2, 25 torrC2H4) 
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FIG.111.17- TIE EFFECT OF PRE CoAT /NG THE rolz. 
AND OTHER EFFECTS (szz -rExT). THE FINAL 
5TEADY-5TATE PATE OF DEPOSITION /5 NOT 
WRY DFPL- /V DENT 01V THE PAST H/5TORY . 
RUN 12 a "pre-coating" of the nickel foil with carbon in 
conditions where very slow carbon deposition occurred was 
followed by a fast deposition. For RUN 29 a carbon covered 
nickel foil from a previous run was partially scratched so 
that bare nickel could be seen. 
Attempts to find appropriate laws to describe the speeding 
up period will now be described. 
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F) THE ACCELERATORY PERIOD 
Because hydrogen has some effect on the rate of carbon form-
ation, and taking into account that it is itself a product 
of the reaction, different behaviour must be expected for 
the process of speeding up when hydrogen is or is not admitted 
to the reactor in the first place. In fact the induction 
period is found to disappear at any temperature in the 
presence of hydrogen, although an acceleratory period is 
still present. A second factor of importance in these studies 
is the pretreatment of the sample, and in particular the 
effect of using either a clean nickel foil or a "carbon 
covered" foil taken from a previous experiment. The results 
from experiments with only cis-2-butene as a reactant on 
clean nickel foils will be presented first. 
A logarithmic plot for the results presented in Fig 111.1 
is given in Fig 111.18. Good straight lines are obtained 
and it is concluded that a power law of the type 
w = k to  
where n = 2 to 4.5 describes the process well. Since no 
obvious reason could be obtained for the wide variation of 
n with temperature, attempts were made to fit the results 
to other relationships. An exponential plot (Fig 111.19) 
rules out the alternative of an exponential law of the type: 
=  BeA 
A rate law of the type 
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was also attempted by appropriate selection of values 
(to'wo) for the"induction point". A good fit is obtained, 
as shown in Fig 111.20. Alternative plots can be used to 
search for an appropriate law. For the simple cases of 
RUNS 13, 19 and 21 a plot of col vs t (Fig 111.21) and 
log(-1-it) vs log w (Fig 111.22) are equally good to prove 
that a second order power law is obeyed. In Fig 111.22 a 
plot obtained from the results of MAKAROV and PECHIK (1969) 
for the transient regime in the surface decomposition of 
methane on carbon is also included. 
In Fig 111.23 the exponential law is tested for a few fast 
deposition processes, including two cases already presented 
in Fig 111.17. In these two cases and also in RUNS 32 and 
24 the law is obeyed up to values of carbon deposition of 
100 to 300 pg/cm2. In RUN 24 a comparatively high pressure 
of cis-2-butene was used (259`torr). In RUN 32 a carbon 
covered foil was used but another clean nickel foil was 
placed in the reactor (not on the balance). 
It is perhaps appropriate to say something about the relative 
merits of alternative plots in the search for rate laws, as 
summarized in TABLE 111.9. Plots I and II have the advant-
age of using only the variables recorded directly, ie w and 
t. In plot III, the rate r = dw is used. This is perhaps 
the more convenient plot because it tests any law of the 
exponential or power type and also shows the approach to the 
steady-state regime by the tendency to approach a plateau 
(slope zero). 
In the cases presented so far in this section the hydrocarbon 
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6 
6 
PLOT 
LAW  
I II III IV 
kn w/t kn w/tn t kn r/kn w kn r/kn t 
STEADY-STATE, * 1 0 0 
2nd POWER * 2 0.5 1 
nth POWER * n 1-1/n n-1 
EXPONENTIAL * 1 * 
w - amount of carbon formed, pg/cm2  
t - time, min 
✓ - rate of carbon formation, dwTIE. , pg/cm2 min 
* -.no straight line obtained 
An induction period may be accounted for by 
replacing w for (w-wo) and t for (t-to) 
TABLE 111.9 - SLOPES OBTAINED IN DIFFERENT TYPES OF PLOT FOR 
SEVERAL RATE LAWS 
1614 
was the only reactant. In Fig III:24 the results of six 
runs for hydrocarbon-hydrogen mixtiTes are found to obey 
power laws with values for n varying between 1.31 and 4.55. 
Fig.III.25 shows that the fit to an exponential law for the 
same selection of runs is generally very bad. Results from 
three experiments in which carbon covered nickel foils were 
used gave similar results (Fig 111.26), with values of n 
varying from 1.50 to 3.10. 
As a general conclusion it may be said that no universal 
law could be found to account for the accelerating rates, 
but in most cases a power law described the results well. 
The parameters have to be measured for each case. Altern-
atively, the power may be fixed (eg to a value of 2) and 
two new parameters, wo and to, introduced and adjusted for 
each case. 
165 
500 
1 
1000 
166 
I 
ntiE (t) min 
Fl6.111;24- THE AMOUNT DEPOSITED AS A FUNCTION OF 
TIME FOR 	DRO CARBON HYDROGEN MIXTURES 
01V NICKEL . THE LOG. PLOT SHOWS THAT A 
POWER LAW 15 OBEYED. 
100 
jo 
07 
o/ x 	- 
50 
12 	16 .18 10 
(t) min 
22 24 26 i8 30 
• 
4 
I. 6 8 10 1 c7  
FIG-. AL. 25 — AN E-XPONENTIAL PLOT OR THE SANE 
Rums AS IN FIG. II:24 	EXPONENT/AL 
LAW IS Nor 
5 I 
Ili I 
10 
I 	I 	1 i i t 1 
50 100 
.46 	 Jci  
oti 
X/  
100 
4. 5 
ti 
iTc 
I 
0.5 
168 
TIME (t) min 
PG.11.26- THE RATE OF 13'posn-loiv AS A rUnIcrfolv 
OP TIME" FOR HYDROCARBON-HYDROGN 
MIXTuRes ON cAPSoN COVERgD FOILS( 1.06. PLOT 
G) CARBON FORMATION FROM ETHANE 
The results are summarized in TABLE III.10. The rates of 
deposition were found to be very slow as compared to those 
reported in previous sections for acetylene and various 
olefins under similar conditions. The rates show, in some 
cases, a tendency to increase with time, as can be seen by 
comparing the initial rates 'rith the rates after thirty 
minutes deposition. However, a clear speed up was never 
observed, even in experiments which lasted a few hours. 
In RUN 113 a momentary rate of about 4 pg/cm2 min (lasting 
for half a minute) was observed immediately after the 
admisiOn of hydrogen. 
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RUN 
No 
TEMPERATURE 
(°C) 
PRESSURE (torr) RATE (pg/cm2 min) 
ETHYLENE HYDROGEN INITIAL AT 30 MINS 
114 500 100 100 0 0 
113 500 100 *100 0 1 
138 525 50 5o 
111 550 loo * 50 0 0 
121 550 200 0 1 2 
122 550 400 0 1.5 2 
112 600 100 0  0 0 
112 650 100 0 9 10 
*H2 admitted 20 minutes after ethylene 
TABLE III.10 - RATES OF CARBON FORMATION FROM ETHANE 
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H) GAS CHROMATOGRAPHY 
At temperatures below 550°C GLC analysis has always shown 
no other gases in the system except the original hydro-
carbon and hydrogen. The conclusion is that the only 
products of the carbon formation process are hydrogen and 
carbon. Any hydrocarbon up to four atoms of carbon would 
have been detected if present at partial pressures above 
about 0.1 torn On the other hand, in very long runs (over-
night) in the region 550-600°C, or in any runs above 600°C, 
various gaseous products were observed. It has been found 
that this was not due to a reaction on the catalyst since 
a similar result was observed in the absence of any metal 
foil. It must then be interpreted either as a reaction 
taking place on the silica walls of the reactor or as a 
gas phase reaction. The results of a "blank" experiment 
together with two experiments with iron foils under similar 
conditions are given in Fig 111.27. 
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CHAPTER III 2 
DISCUSSION: SEARCHING FOR A MECHANISM 
A) GENERAL DISCUSSION 
A successful mechanism for the steady-state deposition has 
to take into account all of the kinetic features observed, 
and especially the following points: 
1) The reaction does not seem to slow down with the extent 
of deposition, even for deposits a few millimetres thick. 
2) The reaction is zero order at low temperatures and has 
an activation energy independent of the olefin used. 
3) The rate of reaction has a maximum at about 550°C. 
The fact that the reaction does not slow down may be 
explained by: (a) The reaction takes place on the deposit 
formed which may contain an active carbide or a carbon with 
its properties affected by the presence of nickel (carbon 
itself is inactive); (b) Nickel remains in some way access-
ible to the reactant gases, and decomposition of the hydro-
carbon takes place on its surface to produce the required 
intermediate species which then migrate to the nickel-carbon 
interface where growth takes place; (c) Hydrogen has access 
to the nickel, is dissociatively adsorbed, and the atoms 
migrate to the carbon deposit, in a way analogous to 
"spillover" effects on carbon supported metal catalysts 
(ROBEL et al - 1964, BOUDART - 1970). The catalytic proper-
ties of the system could then be different. 
Evidence for the presence of nickel in the deposit has been 
observed in the present studies, as is mentioned in PART IV, 
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and has been reported in various cases in the literature 
as discussed in PART I. In some deposits nickel is poss-
Daly present as a nickel carbide, but there is also evid-
ence that crystalline nickel may also exist. How nickel 
migrates is not clear, but it may either do so atomically 
or in crystallites detached from the bulk nickel by the 
stress forces involved in the process of nucleation, and 
carried mechanically with the growing carbon. This second 
possibility seems more likely, because otherwise a constant 
concentration of nickel associated with the constant depos-
ition of carbon under steady-state conditions would not be 
expected, and the "supported metal catalyst" formed during 
the process would not have constant active surface. Alter-
natively, the reaction may be assumed to be in some way 
controlled under steady-state conditions by the rate of 
diffusion of nickel through carbon. This, however, seems 
unlikely since the activation energies found experimentally 
are not in accordance with the values of 47-53 k cal/mole 
reported in the literature for this diffusion (WOLFE et al -
1965). On the other hand, the apparent activation energies 
obtained in the low temperature range agree quite well with 
the value of the activation energy for diffusion of carbon 
through nickel (TABLE III.11). 
As to the induction and acceleratory periods, the following 
main facts must be explained. 
1) The beneficial effect of annealing. 
2) The inhibitory effect of pre-reduction with H2. 
3) The much slower deposition rates observed at 5500C when 
hydrogen is admitted prior to the hydrocarbon. 
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_Q 
D = D e RT o 
Q 
kcal/g atom 
log Do  
cm2/sec 
REFERENCE 
32.9 -0.93 KOVENSKIY, I I (1963) 
33 GRUZIN, P L et al (1957) 
34.5 SHOVENSIN, A V et al (1965) 
34.8 -0.711 DIAMOND, S (1965) 
35.3 -0.420 SCHENK, H et al (1965) 
35.7 -0.436 SMITH, R P (1966) 
40 0.395 LANDER, J J et al (1952) 
40 MATANO, C (1932) 
TABLE III.11 - VALUES FROM THE LITERATURE FOR THE COEFFICIENT 
OF DIFFUSION OF CARBON IN NICKEL 
175 
176 
_4) The autocatalytic character of the deposition. 
It seems plausible that the deposit grows from nickel in 
active growth zones, possibly involving a carbide phase 
which decomposes at some stage to give graphite. Because 
of the segregation of graphite from nickel during annealing 
(see section I.4-B1) nucleation may be facilitated by 
preheating, and this would explain the fact that the process 
does not speed up quickly if insufficient time is allowed 
before admission of the reactants (cf Fig 111.16). The 
effect of reducing the sample could also be explained in 
terms of the gasification of the thin (and probably very 
reactive) graphite and/or carbides, thereby making nucleation 
more difficult. Alternatively, the effect of reducing the 
sample may be related with surface rearrangement or smoothing, 
removing the more active crystalline orientations (or the 
dislocations) that favour nucleation as suggested by 
CUNNINGHAM and GWATHMEY (1957). 
Intergranular boundaries may also act as nucleation centres, 
and this would favour disruption of the bulk nickel followed 
by mechanical transport of crystallites with the growing 
carbon. The lack of reproducibility of the rate for different 
experiments is then easy to understand in terms of the 
variable concentration of nickel in the growing carbon. 
Obviously the chemical mechanism of the reaction would not 
vary and the energies of activation and orders of reaction 
must be reproducible. This has been found experimentally. 
The results of the present work seem to show that carbon 
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formation from aliphatic hydrocarbons is strongly related 
e0. to the presence of unsaturated bonds. This would agree 
with the suggestion by ROBERTSON (1969) that carbon form-
ation in his work could be due to impurities and by SCHNELL 
(1970) that olefinic intermediates are responsible for the 
formation of coke in steam reforming. In the discussion 
of the paper by PATRIKEEV et al (1968) (Section I.4-B2) 
this same suggestion was also advanced. Significantly, in 
the present work carbon formation from ethane does not 
occur below temperatures at which dehydrogenation to 
ethylene is thermodynamically favoured (cf Fig 1.2). 
However complex the process may be, the kinetics must be 
a reflection of the rate determining steps. The constant 
values for the energy of activation at low temperatures may 
be interpreted in two ways: (a) The rate determining step 
'has nothing to do with the surface reaction, but involves 
a process of diffusion or a solid state reaction; (b) The 
surface reaction is such that its activation energy is 
independent of the nature of the hydrocarbon. A model for 
the carbon deposition process may now be proposed, and the 
alternatives of carbon diffusion control and surface reaction 
control at low temperatures (RI) may now be considered. 
B) A MODEL FOR THE STEADY-STATE REGIME 
A model may be proposed for carbon formation from olefins 
in the range of temperatures 300-600°C as represented in 
Fig 111.28b). According to this model the olefin is 
adsorbed on nickel, and carbon is produced by hydrogenolysis 
and dehydrogenation reactions. The carbon atoms then 
migrate through the nickel to the active growth regions 
(carbides) where the process of carbon growth takes place. 
Carbon can grow from the nickel surface as columns or 
whiskers or from "auto-transported" nickel crystallites 
if disruption of the nickel takes place (Fig III.28a). 
At low temperatures, in the kinetic region RI (cf III 1-B), 
steps 1 and 3 are assumed to be fast as compared to step 5, 
the surface is always saturated with carbon and the 
diffusion of carbon through nickel controls. As a consequence, 
the energy of activation (E1) observed must be 33-35 k cal/ 
mole according to TABLE III.11 (neglecting the older higher 
values of 40 k cal/mole) and the rate is expected to be 
independent of the pressure of the gas reactants. This is 
in accordance with experimental results. 
What happens in region RII is not so obvious and the appar-
ent negative value for the activation energy has to be. ex-
plained. It may be that the surface reaction controls, and 
if the olefin and hydrogen are assumed to be adsorbed in 
different sites with coverages respectively 00 and OH, and 
assuming a langmdrian adsorption: 
bHPH 
1-1-bHPH 
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If step 3 is much faster than step 4, which means that the 
surface reaction can be regarded as, irreversible, the rate 
of reaction is given by: 
r = k3000H = k3bobH (l+b o  P o)(1-1-bHPH) 
For low coverage (high temperatures and/or low pressures) the 
terms in the denominator may become equal to one and the 
orders to olefin and hydrogen will be unity. This is certainly 
true in region RII for all the olefins studied. It is also 
true with respect to hydrogen in some cases (propylene, cis-
butene-2) but perhaps is not universal (cf ethylene). The 
apparent activation energy here (Ell) is expected to be: 
EII = E3  + AHo AHH 
the two last terms being enthalpies of adsorption of olefin 
and hydrogen respectively. Because of the magnitude of the 
heats of adsorption expected (58 kcal/mole for ethylene on 
nickel, 30 kcal/mole for hydrogen) EII is bound to be 
negative. In this reasoning, it is perhaps more sensible 
to assume dissociative adsorption for hydrogen, but in 
order to allow the model to agree with the experimentally 
observed maximum order to hydrogen of 1, two hydrogen atoms 
must be involved in the reaction. The rate expression 
would then become: 
P°  P, - 1 r =k00 =kbb 3oH 	3oH(l+boPoHH)(1+b 2P2)4  
The adsorption of olefin and hydrogen could also be assumed 
to be competitive, the rate expression then being for diatomic 
PoPH 
hydrogen: 
r = k30o0H = k3bobH (1+boPo+bHPH)2  
with a similar equation for the case of monoatomic hydrogen. 
It must be noted, however, that with competitive adsorption 
the two reactants cannot show zero orders of reaction 
simultaneously, and the true activation energy for surface 
reaction is never observed. 
For simplicity it has been assumed in this discussion that 
the surface reaction has a single step 3. In fact a multi-
step process is perhaps more logical and a more complex 
mechanism would be obtained. 
A maximum rate in the region of temperature 500-60000 was 
also obtained by TESNER et al (1970) and by WALKER et al 
(1959) as discussed in section I.1-B. The explanation may 
be similar to that proposed here, but an argument based 
in the instability of the intermediate carbide may also 
be advanced to explain the drop in the rate at higher temp-
eratures. It must be noted, however, that with carbon 
diffusion controlling the rate, the orders to the reactants 
must be always zero. Experimentally, this is not the case. 
The effect of total pressure is in agreement with the prod 
posed model, although the strong inhibiting effect of nitric 
oxide was very surprising, as was the negligible effect of 
oxygen. Such an effect is often invoked to support the 
suggestion of a homogeneous chain reaction initiated process. 
Although this possibility cannot be ruled out, poisoning 
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effects may also account for the inhibition of the rate. 
The hypothesis that the rate of diffusion of carbon in 
nickel controls the reaction can be tested. It may be assumed 
that diffusion under steady-state conditions takes place 
through crystallites of simple geometry such as is represented 
in Fig III.28b), for a slab of uniform thickness 2. The 
boundary conditions for the concentration of carbon in the 
nickel, to a first approximation, may be assumed to be the 
saturation concentration S at the surface reaction side, 
and negligible at the carbon growth side. Under steady- 
state conditions, a linear profile is established in the 
slab, and the amount of carbon diffusing in unit time 
through unit surface is given by 
Q = DS 
The solubility of carbon in nickel has been determined by 
LANDER et al (1952) and is described by the equation 
to S = 2.48 - 4,880/T 	(g/100g) 
Taking a temperature of 550°C, a value of 3.3 x 10-4g/g or 
8.90 x 3.3 x 10-4 = 2.93 x 10-39g/cm3 is obtained. At'the 
same temperature, the diffusion coefficient is 1.23 x 10-10  
cm2/sec (value from DIAMOND - 1965 in.TABLE III.11) and 
the rate of diffusion per unit area will be: 
1 Q= r x 1.23 x 10-10  x 2.93 x 10-3 g/sec cm2 
= 2,160/t pg/min cm2 (t in Angstroms). 
In these terms, the rates observed experimentally, of the 
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order of 100 pg/min cm2, would be obtained by diffusion 
through crystallites with a total c.rea of 1 cm2 and a thick- 
O ness of 22A. While the total area of nickel effective 
under steady-state conditions is not known with any certainty, 
and the geometry of the system is not as simple as a slab, 
the value obtained is useful as a basis for discussion and 
comparison with other results. 
One extra complication arises from consideration of diffusion 
at different temperatures. Considering the three different 
temperatures pictured in Fig 111.29, if the temperature is 
changed from T2 to T3 or T1, transient profiles of the type 
3a, 3b and la, lb will exist before the new equilibrium 
profiles 3 or 1 are established. The conclusion emerges 
then, that on a long term basis the activation energy 
observed is affected by the change in solubility, being in 
fact of the order of 314 + 9 = 43 kcal/g atom (LANDER - 1952). 
Although the calculation of what happens during this 
transient period is not a difficult problem (BARRER - 1941) 
the actual geometry of the system is not known in the 
present system. The importance of these transient effects 
on the value recorded from programmed temperature experiments 
remains a matter of conjecture. 
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C 	ALTERNATIVE RATE DETERMINING STEPS 
An alternative sequence of surface reactions and a differ-
ent rate determining step may be advanced to explain the 
constancy of the activation energy for all hydrocarbons 
at low temperatures (region RI). In this case, terminal 
hydrogenolysis of the hydrocarbon chain leading to adsorbed 
C1 fragments is assumed to occur in all cases, subsequent 
dehydrogenation leading to carbon. The rate determining 
step in the dehydrogenation of methane is known to be the 
removal of the third hydrogen, with an activation energy 
of 34 kcal/mole (RIDEAL - 1968). To conform to the experi-
mental results, strong adsorption is assumed at low temp-
eratures and, as before, a Langmuir-Hinshelwood treatment 
is used to account for the drop in reaction rates in region 
RII. The Arrhenius plots expected for the rates of reaction 
would then be of the type pictured in Fig 111.30, the exact 
shape depending on the experimental conditions. The simil-
arity of these curves with those found experimentally 
suggests that this model may well be correct. The maximum 
of the curves shifts to higher temperatures at higher 
pressures, as has been observed experimentally. The deple-
tion of hydrocarbon and hydrogen molecules on the surface, 
leading to orders of reaction of unity may occur simultan-
eously, and a volcano-type curve is expected in this case. 
It is unfortunate that the lack of reproducibility does not 
allow reliable conclusions when comparing curves obtained 
in different experiments. The hypothesis made above of 
terminal hydrogenolysis is not unreasonable in the light 
of the reported results on hydrogenolysis on group VIII 
x 
RATE- K pc, p
y  
E ,\,  30 kcal/mole 
—4No rv70 Kat/0701u 
41-11, ,v 2 0 Kcal/mote 
p,9) 	) ) 
= )03 2 
Ea 	Z, No 
)<=4 y= 	x=o;  y= 4 1 x=o ; Y.=c1 
Ea.= Et 61-4 
(00  
•*) 
6 
1000 
IL 
10 
R -CI PRO CAL TEMPERATURE (ARBITRARY UN/T5) 
FIG. E.  30 - APPARENT ACT/VAT/ON Eit/RIE5 (Ea ) FOR A 
LANGMUIR/AN SYSTEM INVOLV/A/6 7W1 REACT/ON 
Or HYDROGEN WITH OLEFIN) ADSORBED IN 
.5 EPARATE SITES . F IS THE ACTIVATION ENERGY FOR 
THE SURFACE REACTION AND --44 AND —/.11/0 ARE 
771g HEATS OF ADSORPTION OF HYDRO6EA1 AND 
OLEFIN , RESPECTIVELY. 
metals (MATSUMOTO et al - 1970, CARTER et al - 1971, 
GERMAIN - 1969, pg 119). 
The rate controlling step in region RI may also be the 
hydrogenolysis of the hydrocarbon, with an activation energy 
nearly independent of the olefin used. Unfortunately the 
numerous studies reported on hydrogenolysis have been 
restricted to saturated hydrocarbons, as reviewed recently 
by SINFELT (1970), but activation energies of 40.6 kcal/mole 
for ethane over nickel (SINFELT et al - 1965) and 34 kcal/ 
mole for propane over nickel (MORIKAWA et al - 1936) were 
reported which suggest that the control by hydrogenolysis 
step in the present work is probably an acceptable altern-
ative,' On the other hand the orders of reaction to hydro-
gen in the case of paraffins were found to be negative 
(SINFELT - 1970, BOND - 1962) in opposition to the positive 
orders observed in the present work. 
The apparent absence of any gaseous product apart from 
hydrogen may be a consequence of the large volume of the 
reactor as compared to the surface of the catalyst. The use 
of a lower volume to metal surface ratio would be of inter-
est in elucidating the mechanism, although the advantages 
of having a nearly differential system would be lost. 
It is interesting that the rate of hydrogenation of olefins 
over transition metals is one of the few cases reported in 
the literature in which the rate of reaction is found to 
show a maximum in temperature (other cases are the oxydation 
of carbon, the disproportionation of CO over iron, and 
enzyme reactions). One of the explanations advanced in this 
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case is similar to the effect of desorption on the apparent 
I:. activation energy proposed above (BOND - 1962). Although 
the actual mechanism of olefin hydrogenation is still 
disputed, some of the points made in the literature may 
also apply in the present case and may help to elucidate 
the mechanism (BOND - 1962, GERMAIN - 1969). 
The sometimes dubious effect of hydrogen,may be due to 
possible multiple roles in the process. That adsorbed 
hydrogen is required for hydrogenation-dehydrogenation 
reactions over transition metals has been proved recently 
in interesting studies involving metal thimbles (WOOD and 
WISE - 1966, WOOD - 1968, TAMAI et al - 1969, YOLLES, WOOD 
and WISE - 1971). On the other hand, an increase in hydrogen 
pressure is expected to favour hydrogenation. Hydrogen may 
also have an effect in the stability of the solid phases 
involved in the process. 
In the light of the arguments presented above, it seems 
impossible to tell whether the common rate controlling step 
in region RI is a surface reaction (either dehydrogenation 
or hydrogenolysis) or a carbon diffusion process. However, 
it seems that the orders of reaction found point to surface 
reaction control in region RII, ruling out arguments based 
on the instability of the possible solid phases involved. 
The deposition of carbon at high temperatures (region RIII) 
is certainly an homogeneous process in the case of acetylene, 
and probably also in the other cases. 
D) ANALYSIS OF THE ACCELERATORY PERIOD 
It is difficult to extend the model proposed for steady-
state conditions directly to the acceleratory period. The 
diffusion of carbon through nickel may be controlling the 
Tate of deposition, but the changing conditions and geom-
etry of the system complicate the picture. 
It is reasonable to suggest that nuclei are formed according 
to a certain law and grow bidimensionally on the nickel 
surface or at a grain boundary. From those nuclei, a deposit 
may then grow uni-dimensionally in the direction perpendi-
cular to that surface. For this type of growth equation 
(30) in I.5-C) cannot be applied directly, and a different 
integration should be made. It can be proved, however, that 
this pattern is equivalent to nucleation followed by an 
anisotropic tridimensional growth, and the equation can be 
applied accordingly. If nucleation is "instantaneous" and 
nuclei spread over the surface also instantaneously (or 
before admission of the reactants) monodimensional growth 
must then be considered: a power 1 is expected in this case. 
The same result is obtained if pre-existent nuclei grow but 
do not grow laterally in the presence of the reactants. 
Alternatively, in the other extreme, if nuclei are formed 
at constant speed and grow tridimensionally as discussed, a 
power 14 would be obtained. Most experimental values 
observed range from 1.3 to 14.5 (see Fig 111.18, 111.24 and 
111.26). Rdmembering that annealing was usually performed 
at the same temperature as the reaction, the increase in 
power with temperature shown in Fig 111.18 seems logical,. 
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In fact it may be assumed that no pre-nucleation takes place 
at 469°C with the experimental conciAtions used, but at 545°C, 
substantial nuclei formation presumably by graphite segreg-
ation or surface carbide formation takes place during the 
annealing period. In these terms, the results of RUNS 115 
and 116 in Fig 111.24 can also be explained by the effect of 
prior admission of hydrogen to give a clean surface with no 
nuclei. A power of 1 for RUN 115 with pre-nucleation and 
4 for RUN 116 would then be predicted and these are not very 
far from experimental observations. The high values obtained 
in RUNS 83 and 79 may be explained in the same way as RUN 116, 
but RUNS 81 and 70 do not conform.' In Fig 111.26 an explan-
ation based on the efficiency of annealing seems agains 
successful in explaining the tendency of the value in RUN 138 
to approach power 1 and the values to increase in the other 
two runs. 
A similar effect of the order of admission of reactants was 
observed by CUNNINGHAM and GWATHMEY (1957) as discussed in 
PART I. These authors suggested that the effect could be 
explained in terms of surface rearrangement. Alternatively, 
it may be assumed that in the presence of pre-adsorbed 
hydrogen the olefins are adsorbed in an inactive adsorbate. 
It can be seen that there is no complete agreement between 
the predicted and the observed results, but it is believed 
- that the model proposed may offer a basis for future research 
in this area. 
CHAPTER 111.3 
EXTENSION OF THE KINETIC STUDIES TO OTHER METALS 
A) EXPERIMENTAL RESULTS 
Studies of carbon deposition were extended to several other 
metals: iron, cobalt, palladium, platinum, copper, silver 
and gold. Stainless steel and graphite were also used as 
substrates. 
The progress of deposition from cis-2-butene on iron foils 
is shown in Fig 111.31 for several runs. Some acceleration 
of the type found on nickel was observed, but the rates of 
deposition were much smaller for similar conditions. At a 
pressure of 150 torr no appreciable deposition was detected 
below 570°C (TABLE III.12), but an increase in the pressure 
increased the rate: an order of 0.3 was observed at 574°C. 
The rate tends to slow down at long deposition times, some-
times in a complex way (Fig 111.31). The initial rate is 
sometimes the maximum rate observed but, in a few cases, an 
acceleration takes place for some time and the maximum rate 
is only observed after 25 to 65 pg/cm2 deposition (TABLE 
111.13). In contrast with these results, deposition in the 
presence of hydrogen is observed at much lower temperatures 
(above 450°C) and at a constant rate from the time of admis-
sion of reagents. No connection could be established between 
the effect of reduction or annealing and the variable features 
of the initial deposition. 
Cobalt gives results very similar to iron. In the absence of 
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FIG. H.31- THE DEPOSIT/ON FROM CIS-2—BUTENE OVER IRON 
AT VARIOUS TEMPERATURES 
TEMP 
°C 
PRESSURE 
torr 
MAX RATE 
pg/min cm2 
RUN 
No 
547 150 4,0 34 
548 149 4,0 26 
567 150 4,0 51 
573 150 small 34 
574 149 2.6 26 
579 148 1.9 54 
595 147 1.7 55 
595 149 2.5 56 
600 149 :3.7 50 
601 150 2.9 34 
610 151 12.3 52 
615 150 9.6 53 . 	. 
521 . 340 1.3 26 
574 340 3.4 ,26 
600 340 6.o 26 
TABLE 111.12 - MAXIMUM RATES OF CARBON FORMATION FROM 
CIS-2-BUTENE ON IRON FOILS 
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TEMP 
°C 
RUN 
No 
RATES (pg/cm2 min) MAX RATE CONDITIONS 
INITIAL MAX LONG TERM TIME(min) Io(pg/cm
2
) 
567 51 0 0 0 - - 
579 54 0 2.0 1.0 38 25 
595 55 1.7 1.7 - 0 0 
595 56 2.5 2.5 - 0 0 
600 50 3.7 3.7 0.4 0 0 
610 52 4.6 12.3 0.5 12 65 
615 53 0 9.6 0.8 5 30 
TABLE 111.13 - RATES OF CARBON FORMATION FROM 150 TORR OF 
CIS-2-BUTENE OVER IRON AT DIFFERENT STAGES OF 
DEPOSITION 
195 
hydrogen, no deposition was detected below 570°C from cis-
2-butene, but in the presence of hydrogen this limit fell 
to about 400°C; the rates observed, as in the case of iron, 
were one to two orders of magnitude smaller than the 
corresponding rates on nickel. As in the case of nickel, 
the order with respect to hydrogen at 550°C was found to be 
1.0. 
On foils of silver, gold, platinum, palladium, copper and 
steel no deposition was observed in the lower temperatures 
region (below 600°C) either in the absence or in the presence 
of hydrogen. Only at higher temperatures could carbon form-
ation be detected and at rates suggesting that the deposition 
involved a common homogeneous process. The activation energies 
obtained for the deposition from cis- 2-butene on iron, cobalt 
and platinum in the region 600-800°C are all similar, as 
shown in Fig.III.32. Typical rates of carbon deposition at 
the "standard" conditions of 550°C, 100 torr of cis- 2-butene 
and 50 torn of hydrogen are shown in TABLE 111.14 for 
purposes of comparison. 
In the case of iron and cobalt, it was found that if carbon 
was deposited on a given sample at high temperatures (homo-
geneous), no subsequent carbon formation was observed if 
the temperature was reduced (heterogeneous), presumably 
because poisoning of the active metal surface had occurred. 
This was also observed with nickel. 
Various experiments were made using graphite foils, graphite 
powder and a graphite foil with a 300 A thick evaporated 
nickel film as substrates. The temperatures used were in 
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GROUP VIII  GROUP IB 
Fe 
3 
Co 
5 
Ni 
150. 
Cu** 
0.00 
Ru 
- 
Rh 
- 
Pd* 
0 
Ag 
0.00 
Os 
- 
Ir 
- 
Pt 
0.0 
Au 
0.00 
* From acetylene 
* * 	No hydrogen 
TABLE 111.14 - TYPICAL RATES OF CARBON FORMATION (vg/c2min) 
ON A SELECTION OF METALS: GAS PRESSURES, 
100 torr of CIS- 2-BUTENE and 50 torr of H2  
at 550°C 
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the range 475-555°C and acetylene, ethylene and cis-2-butene 
sometimes mixed with hydrogen, were, all used as reagents. 
The rates of carbon formation observed were never higher 
than the slow homogeneous deposition expected at the con- 
ditions used, and varied between 0.0 and 	pg/cm2min. 
Quite a different result was observed for carbon samples 
taken from previously used nickel foils. In the absence of 
hydrogen no appreciable deposition was observed for long 
periods, but in the presence of hydrogen or if a nickelfoil 
was placed in the reactor (but not on the balance), an 
acceleratory deposition was observed and ;rates of up to 
25 pg/min were recorded. 
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B) DISCUSSION: THE ACTIVITY OF DIFFERENT METALS 
Striking differences in the rates of carbon formation for 
the various group VIII and IB metals are evident. Some 
discussion of the relative activities of these metals has 
been made in the introduction (I.4-C) but more conclusions 
may pos6ibly be drawn in the light of the quantitative 
results presented here. The reason for Fe, Co and Ni being 
the only metals to give carbon in the low temperature range 
is probably related both with their efficiency as hydrogen-
ation-dehydrogenation catalysts and with their ability to 
nucleate carbon, possibly as carbides of low stability. The 
surprising fact that hydrogenation-dehydrogenation ability 
alone is not sufficient to endow a metal with catalytic 
properties for the formation of carbon bears this out. 
The differences between nickel, iron and cobalt can probably 
be explained by much higher efficiency for the surface 
reaction in the case of nickel, a suggestion which is in 
agreement with the relative activities for the hydrogenolysis 
of paraffins over the metals (BOND - 1962). It is also likely 
that, while carbon diffusion controls rate in the case of 
nickel a slower surface reaction is rate determining in the 
cobalt and iron systems. The diffusion of carbon through 
iron is, in fact, as fast as through nickel (SMITH - 1966). 
An alternative explanation may be based on different rates 
for carbide formation and/or decomposition. It is known that 
the carbides of nickel are less stable than the carbides of 
cobalt, and among the iron carbides Fe3C is reasonably stable 
in the range of temperatures used (HANSEN - 1958, ELLIOTT 
199 
1965 - 1969). 
Deposition at higher temperatures (above 600°C) is probably 
controlled by a homogeneous process, since the kinetics 
seem to be independent of the nature of the surface. The 
morphology of the carbon formed may well vary from metal to 
metal, since quite different processes may occur in indivi-
dual cases, but these are not reflected in the overall 
kinetics under the conditions used in the present work. 
The results of the experiments in which carbons were used 
prove that graphite itself is inactive for carbon formation, 
even when used in conjunction with a nickel film. This 
result is not easy to understand, unless it is assumed that 
such a nickel surface did not show the "right" crystalline 
orientation, the defects or grain boundaries required, or 
large enough crystallites. 
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CHAPTER IV 1 
STEREOSCAN ELECTRON MICROSCOPY (S E M) STUDIES 
A) RESULTS 
SEM pictures at early and intermediate stages of carbon 
formation from cis-2-butene on nickel are shown in Fig IV.1. 
Nucleation is seen to take place in regular domains which 
seem not to be related with the subjacent nickel grain 
structure (A). While nucleation spreads twodimensionally 
over the surface, the deposit grows perpendicular to the 
metal surface, and incorporation of the originally numerous 
nuclei (A) gives rise to fairly regular surfaces (B and C). 
Peripherical splitting of the deposits is seen to occur 
(B to D, enlarged in E) probably in order to release stress 
generated either during growth or during cooling of the 
sample to room temperature. 
Heavy deposits are found to be very rough (Fig IV.2) and 
tend to cover the whole surface. The different coefficients 
of expansion of nickel and of the new phase formed explains 
the breaking up of the layer (C to E). Although the deposit 
formed may show variable morphology in different stages or 
under different experimental conditions, it seems to be 
independent of the parent hydrocarbon used.(Fig IV.3). 
_Hydrogen addition, on the other hand, is found to have a 
pronounced effect on the growth of the deposit (compare 
Fig IV.3 and 4). This may be due to the fact that "perpen-
dicular" growth is now fast as compared to the "horizontal" 
nucleation process. Alternatively, the presence of hydrogen 
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may inhibit spreading of the nucleation process and keep the 
nickel surface clean apart from the initial nuclei which are 
probably formed before either the admission of hydrogen or 
even of hydrocarbon. When hydrogen is not admitted as a 
reactant, it still appears in the reactor as a product, and 
it is possible that inhibition in this case of the "horiz-
ontal" nucleation process also occurs at some stage, as 
Fig IV.1 seems to suggest. It is not clear in Fig IV.4 
whether nucleation takes place on the external surface or 
if bulk or internal grain boundary carbon or carbide form-
ation gives rise to disruption of the nickel surface (E). 
The hills formed are found to break up, and sometimes 
abundant whisker growth from the core takes place (C). 
Again, two explanations are possible. Either this phenomenon 
occurs at some stage during growth, or it is related with 
the process of cooling. 
The striking effect of the pre-history of the sample on the 
early stages of the kinetics of growth is seen to be related 
with different nucleation on the foils (Fig IV.5). It seems 
that reduction of the sample restricts nucleation (RUN 141) 
to a point where it probably becomes mainly an internal 
process (F). Long annealing is found to favour surface 
nucleation (RUNS 143 and 144) and the nucleation density 
varies widely from grain to grain, probably due to more or 
less favourable crystalline orientations. A similar effect 
has been found in the work of RUSTON et al.(1969) and 
PRESLAND and WALKER (1969). If vacuum annealing does not 
take place, carbon formation is difficult, and an equivalent 
time under reaction conditions is not a substitute for it 
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(RUN 142). These results suggest that the formation of 
graphite domains during vacuum annealing, as found by 
LEED and discussed previously, is related with the subse-
quent facility of nucleation on the surface. The lower 
initial rate of carbon formation when hydrogen is admitted 
to the reactor prior to the hydrocarbon, as reported in 
CHAPTER III.i-E), may be due to the same effect resulting 
from the destruction of these domains by reduction. 
With ethylene, the carburization is very slow as compared 
to the deposition from acetylene or from olefins, but the 
morphology of the deposit formed is similar (Fig IV.6), 
which suggests a common mechanism for growth. When hydrogen 
is admitted first, the growth seems again to take place in 
the bulk, rather than on the surface (RUN 114). 
Fig IV.7 shows different aspects of deposits formed on 
cobalt from cis-2-butene. In the absence of hydrogen the 
slow deposition process observed seemed to nucleate at a 
few points on the surface and to grow radially in circles 
(A); the hundreds of circles observed were all of the same 
diameter. No distinct boundary was observed in the peri-
phery of these circles under high magnification (B). The 
comparatively fast deposition observed in the presence of 
hydrogen (D. and E), produces a deposit similar to that 
obtained on nickel foils under similar conditions. The 
effect of pre-reduction and of short annealing also seems 
to have a similar effect in that the area where nucleation 
takes place is restricted (E). 
SEM microphographs of deposits formed on iron are shown in 
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Fig IV.8, IV.9 and IV.10. From cis-2-butene in the absence 
of hydrogen, the slowly grown deposit shows very interesting 
forms (Fig IV.8), appearing either as round tip columnar 
structures or as agglomerates, sometimes with a cake-like 
shape (A and B). Whiskers are seen to grow occasionally 
from the top of agglomerates or from the tips of columns(C). 
Their diameters are between 0.2 and 0.4 pm and they have a 
total length of the order of 10 pm. In some samples the 
whiskers cover the whole picture (F) but in others they are 
almost absent (Fig IV.9). In general the deposits were too 
thick for transmission electron microscopy (TEM) observation, 
but information could be obtained in some cases concerning 
the structure of the whiskers (Fig IV 8-D and Fig IV 9-B and 
F). In agreement with other workers (HOFER et al - 1955, 
RUSTON et al - 1969, RENSHAW et al - 1969) the whiskers show 
nodules in the core; these are probably crystals of an iron 
carbide. TEM has also shown that the columns seem to grow 
from a base of spikes (Fig IV 9-D). 
The deposit formed on iron in the presence of hydrogen at 
early stages and after heavy deposition is shown in Fig 
IV 10-A and IV 10-B, respectively. In the presence of nickel 
(separated from the iron), which is bound to release hydrogen 
progressively to the system due to its own activity in carbon 
formation, the growth took place as shown in Fig IV 10-C and 
D. The marked differences with the results in the absence 
of hydrogen can only be explained by a very different 
nucleation process. 
On stainless steel, the formation of a deposit was hardly 
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detected with the microbalance, but after the reaction the 
surface was as shown in Fig IV 10-E and F. On other metals 
no solid product was detected, and grain boundary grooving 
or other surface effects were the only result (Fig IV 11-A 
to D). The small amount of deposit formed on the graphite 
supported nickel film looks as shown in Fig IV 11-E and F. 
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B) DISCUSSION 
The results obtained show that there are two distinct types 
of growth, according to where nucleation takes place: (1) A 
surface process without the structure of the metal being 
affected to any large extent. (2) A growth originating in 
the bulk of the metal, in which disruption of the metal 
structure takes place. The factors favouring' "internal 
nucleation" are absence of annealing, reduction with 
hydrogen and admission of hydrogen prior to the hydrocarbon. 
All these seem not to favour the formation or the existence 
of nuclei on the surface. This may be due to rearrangements 
of the metal surface, to adsorption of the hydrocarbon in 
more or in less active forms, or to an effect of cleaning 
the surface. A more detailed study of these effects would 
require the use of single crystals, in order to relate the 
effects found with the various orientations of the crystal 
surface. 
In heavy deposits, especially in the case of nickel, nickel 
must still be available as the catalyst for the decomposition 
of the hydrocarbon. In the case of "internal nucleation" 
it is obvious that some nickel is mechanically detached from 
the rest of the metal by the growing deposit, and carried on 
the top of the growing carbon. When nucleation takes place 
mainly on the surface("external nucleation") it is probable 
that a certain amount of surface disruption also occurs at 
some stage, or that the small areas of nickel available are 
enough to supply carbon atoms produced by a fast surface 
reaction. In fact the deposit formed may be porous but, if 
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this is the case, diffusion limitations do not seem to 
occur. 
It may be assumed that either the metal or a carbide is the 
active catalyst for the decomposition, although the reported 
carbides of nickel and cobalt are unstable above temperatures 
in the range 300-450°C (HANSEN - 1958, ELLIOTT - 1965,.1969) 
and the more stable iron carbides, Fe3C and De7c3' also 
decompose or segregate graphite at 550°C (RUSTON - 1969). 
Indeed, it is possible to relate the relative rates of 
carbon formation with the instability of the carbides of the 
three metals, which increase in the orders Fe<Co<Ni. However, 
differences in the catalytic activity of the metals may also 
account for the difference in rates of carbon deposition, as 
suggested in PART III, depending on the nature of the rate 
determining step. 
The instability of the carbides depends on whether they 
exist in a free state or not. In fact, Fe3C included in a 
solid metal matrix is metastable up to much higher temper-
atures for lack of volume to expand into, and epitaxial 
effects introducing similar stresses may also influence the 
energetics of a thin carbide film. The important role that 
iron carbides have in carbon formation in some systems may 
be a general feature of the low temperature deposition 
observed. Although the possible influence of metal oxides 
in the process of carbon formation cannot be ruled out, 
taking into account the conflicting conclusions in the Fe/C0 
system (RENSHAW et al - 1970, RUSTON et al - 1969), it is 
unlikely that they play a major role in the present system. 
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Although the effects of annealing and reducing the sample 
1, could be interpreted in terms of surface oxides, the 
positive effect of hydrogen addition on the reaction rate 
can hardly accommodate this possibility. 
In order to determine the nature of the deposit and of the 
solid intermediates involved, x-ray and electron diffraction 
studies were undertaken, and samples of nickel and iron at 
early stages of deposition were prepared. The results are 
presented in CHAPTERS IV 3 and IV 4. 
CHAPTER IV 2 
VARIOUS STUDIES ON NICKEL 
A) B E T SURFACE AREA 
The values of specific surface for heavy carbon deposits 
were of the order of 100 m2/g. No systematic study was 
carried out, but this result proves that the carbons 
obtained have a porosity similar to pyrolytic carbons 
formed in other systems (cf TABLE I.41 PATRIKEEV et al -
1968, AVGUL and KISELEV - 1970, etc). 
The results and calculations for a carbon from cis-2-butene 
on nickel at 550°C are given in TABLE IV.1, and the B E T 
plot is presented in Fig IV 12. 
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B) ELEMENTAL ANALYSIS 
The results of organic microanalysis for a number of heavy 
carbon deposits are given in TABLE IV 2. The runs selected 
cover experimental conditions in the range 500 to 550°C, 
50 to 600 torr pressure of hydrocarbon and 0 to 50 torr 
pressure of hydrogen, 30 minutes to 15 hours deposition 
tithes, and the different reactants cis-2-butene, 1-butene 
and ethylene. There is no apparent correlation between the 
C/H ratios found with any of these variables. The atomic 
ratios obtained are slightly lower than the values observed 
in pyrolytic carbons and carbon blacks, and considerably 
less than the values for surface carbons (see TABLES 1.5 
and 1.6). However, it is possible that the samples taken 
had hydrocarbon or hydrogen trapped in the carbon. Taking 
into account that this deposit is very porous and grows very 
quickly, this is a distinct possibility. A study of the 
type made by WALKER et al (1959), from which results were 
reproduced in TABLE 1.5, would probably show a correlation 
between C/H ratio and extent of deposition. The "excess" 
of hydrogen found could also be due to residual adsorption: 
with more stringent degassing of the carbon samples the 
ratios could increase. 
The balance to 100% of the long runs shown in TABLE IV.2 is 
quite good. On the other hand, a difference of up to 4.6% 
is found in shorter runs (from half an hour to few hours). 
This suggests that this difference should be ascribed to 
nickel, and that the concentration of nickel tends to low 
values as the deposition goes on. This was not possible to 
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RUN No COMPOSITION % C/H 
weight 
C/H 
atomic 
BALANCE 
to 100% C H 
35 95.81 1.41 68 5.7 -2.8 
41* 98.5o 1.65 6o 5.o +0.1 
47* 98.71 1.20 82 	- 6.9 -0.1 
49* 98.52 1.69 54 4.5 +0.2 
65 96.96 1.51 63 5.3 -1.5 
118 89.80 1.19 75 6.3 -4.6a 
138 95.62 1.14 83 7.0 -3.2 
AVERAGE 96.25 1.40 69 5.7 - 
* - long overnight runs 
a - 4.4% glass found was deducted 
TABLE IV 2 - RESULTS OF ORGANIC MICROANALYSIS AND C/H RATIOS 
OF CARBON DEPOSITS 
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check as the samples were taken by removing a portion of 
carbon from the outside either by shaking the sample or 
by scraping with a spatula. 
• 
The concentration of nickel was directly evaluated by wet 
chemical methods and a value of 0.80% was obtained , together 
with a residue on ignition at 750°C of 10.1%, of which 6.4% 
was powdered glass. In view of the way the sample was 
collected and handled this residue is difficult to explain. 
A qualitative emission spectroscopy analysis of a sample 
of carbon has also shown "prominent traces" of nickel 
together with traces of many other metals, certainly having 
their origin in the impurities of the parent foil. 
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C) ELECTRON PROBE MICROANALYSIS 
Microphotographs of electron probe microanalysis (EPM) on 
samples from RUNS 29, 73 and 92 are presented in Figs IV.13 
and IV.14. Resolution was not very good, but some infor- 
mation was obtained on the distribution of Ni and C. 
Nickel is distributed very irregularly, as shown in all 
x-ray emission traces, apparently in patches with dimensions 
of 10 to 20 pm. It is unlikely that the original nickel 
foil is showing through as can.be seen from the SEM electron 
micrographs of about the same magnification that are 
included in the figures for comparison. Some anomalous effects 
were found on carbon in flakes parallel to the surface, 
"white glowing" being observed. These flakes showed high 
backscattering and low electron absorption and low nickel 
content. This could be due to the low electrical conduct- 
ivity of graphite in the <c> direction. 
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DI DISCUSSION 
These results show that the carbon formed in heavy deposits 
is very porous, which suggests that diffusion of the 
reactants through the carbon is not difficult, although the 
initial deposit may be less permeable. Probably a progress-
ive disruption of the nickel or of the intermediate carbides 
may explain the porosity of this final product. 
From the elemental analysis results it seems that the concen-
tration in nickel decreases with the extent of deposition, 
which is in agreement with the results for other systems. 
This raises the question of whether the apparent constancy 
of the steady-state rate of deposition is not a consequence 
of the limited range of the vacuum microbalance (10 mg), 
and whether, for heavier deposits, a slow down of the 
reaction would not occur.until the growth eventually stopped. 
This, of course, would not invalidate the results and findings 
of the kinetic experiments, but would rather complete the 
picture and confirm that the presence of nickel is in some 
way necessary to the process. 
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CHAPTER IV 3 
X-RAY AND ELECTRON DIFFRACTION STUDIES ON NICKEL 
A) X-RAY DIFFRACTION 
X-ray diffraction analysis has-shown various peaks in 
addition to those from graphite and nickel. It has been 
possible to group the unidentified peaks in two sets, 
because only one of the sets was observed in some samples. 
Calculations have shown that the peaks could be attributed 
to the occurrence of two phases, P and Q, with crystal 
structures and parameters as shown in TABLE IV 3. The 
parameters vary slightly from sample to sample, and could 
not be determined exactly because of the breadth of the 
peaks. The crystallite size was evaluated using the 
Scherrer formula. 
The results of the x-ray analysis are condensed in TABLE IV.14. 
Values of dc = 3.33 - 3.42 I and da = 2.10 - 2.11 I for 
graphite were observed, as well as crystallite dimensions 
of the order Lc = 50 I and La = 130 I. For nickel the 
Scherrer formula gave crystallite sizes of 404, but this 
is outside the range of validity of the formula, and instru- 
mental broadening should also be taken into account. The 
0 
true size is probably well above 1,000 A. 
The coincidence of the peaks from the (210) reflection of 
the P carbide and the (002) reflection of graphite is noted, 
and the possible connection of the P carbide with lower temp-
eratures and the Q carbide with higher temperatures is 
suggested from the results of RUNS 9 and 15 (see TABLE IV.4). 
1. • 
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PHASE P 	 PHASE Q 
Cubic F C C 
0 a = 7.1-7.4 A 	a = 18.6-19.6 A 
L = 30 A L = 15.0 A 
0 d,A I/Il  h k 1 h k 1 
7.3 100 100 11.0 
5.2 15 110 9.5 
4.3 5o 111 6.7 
3.7 5 200 5.7 
3.3 10 210 
3.0 5 211 
TABLE IV 3 - TENTATIVE CRYSTALLOGRAPHIC CLASSIFICATION 
AND X-RAY DATA FOR P AND Q CARBIDES 
50 
100 
20 
20 
111 
200 
220 
311 
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RUN 
No 
SAMPLE 
TEMP 
o C 
INTENSITIES * CRYSTALLITE PARAMETERS 
GRAPHITE CARBIDES 
GRAPHITE P Q Ni dc 
L
c 
L
P 
L
Q 
9 FOIL 573 W VW M VS 3.37 142 - 145 
13 FOIL 548 W M - VS 3.42 43 28 - 
15 FOIL 473 - MS VVW VS - - 30 - 
21 POWDER 547 VS - - M 3.40 - - - 
49 POWDER 544 VS - M M 3.42 44 - 138 
110 FOIL 529 W S VW VS 3.42 39 28 - 
111 FOIL 554 VW VS W VS 3.36 - 30 - 
120 POWDER 553 S - VVW M 3.39 44 - - 
155 FLAKE - M VW - - 3.35 - - - 
157 FLAKE - MS VS VW - 3.33 43 26 - 
* Relative intensities for the strongest line: 
	
0 
	
M• 4 
VVW 1 MS 	8 
VW 2 
	
S 15 
W 3 VS 50 
TABLE IV 4 - RESULTS OF X-RAY ANALYSIS ON CARBURIZED NICKEL FOILS 
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B) ELECTRON DIFFRACTION 
Samples for electron diffraction were taken at three diff-
erent stages: (1) From slow carbon deposition during the 
induction period. (2) At early stages of the acceleratory 
period. (3) At intermediate stages of the fast deposition 
process. The carbons observed were polycrystalline but 
strongly oriented. The (100) and (110) rings showed 
hexagonal symmetry and the (002) ring showed two spots or 
arcs. In some cases the (002) ring was absent and segmented 
ring patterns were observed (Fig IV.16). The similarity of 
the pattern of apparent 12-fold symmetry shown in Fig IV.16-C 
with that observed on nickel surfaces by LEED is apparent 
(BLAKELY et al - 1970). A value of da = 2.13 I is obtained, 
in good agreement with graphite. 
Many spotty patterns of unknown phases were also observed 
and are listed in TABLE 1V.5. Phases Y, W and Z occurred 
at stage (1), phase N at stage (2) and phase X at stage (3). 
They were only seen a couple of times each, and are probably 
not important. Phase N is probably NiO. Phase M and L 
were observed many times, and the diffraction patterns are 
presented in Fig IV.15, together with microphotographs. In 
the sample from RUN 142, in which no annealing was performed. 
and no fast deposition occurred, only phase L and not phase M 
was detected. The diffraction pattern presented in Fig IV.16-A 
showing two phase M crystals rotated by 3°  suggests that 
twinning can occur. 
TEM microphotographs of deposits on nickel are also presented 
PLATE2CZ 
c) PHASE M 
FIN 147 
B)41 00 (TEM) 
3 
RUN 144 
D)A1 too (7 1) 
F /43,500 
P16.17 95 
A) P1/45‘ 
PLATE 2:21 
 
A) PH/15C IT 8) GRAPHITE 
  
 
  
Nib 
 
• 
Nib 
C)GRAPH/rr 	 .0 GRAPH/ T6 
F16 117 16 
___ 
PHASE RUNS No 
ZONE 
OBSERVED 
CRYSTAL 
SYMMETRY 
CELL 7  
a 
R 
•,c 
Y * 3 111 Cubic 6.20 - 
or 111 F C C 12.40 - 
or 001 H C P 5.07 * 
W * 3 111 Cubic 4.30 - 
or 111 F C C 8.60 - 
or 001 H C P 3.52 * 
z 3 110 F C C 5'.g6 - 
M * 141,142,143 111 Cubic 4.88 - 
or 111 F C C 9.76 - 
or 001 H C P 4.01 * 
L * 141,143,144 111 Cubic 2.23 - 
or 111 F C C 4.46 - 
or 001 H C P 1.84 * 
N 143 110 F C C 4.21 - 
x 44 123 F C C 7.78 - 
Ni - F C C 3.52 - 	' 
Ni3C - - H C P 2.65 4.34 
Ni0 - - F C C 4.18 - 
* Only patterns with hexagonal symmetry were observed, which 
could be cubic [111] or hexagonal [001) . 
TABLE IV 5 - UNKNOWN PHASES OBSERVED ON NICKEL BY ELECTRON 
DIFFRACTION 
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in Fig IV.15. B) shows crystals of what is probably phase L, 
together with black squares. These•, squares are more clearly 
seen in D), but unfortunately they were too thick to give 
a diffraction pattern and their nature remained obscure. 
Other types of deposit are shown in E) and F) and should be 
compared with the corresponding SEM photographs in Fig IV.1. 
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C) DISCUSSION 
It is probable that nickel carbides' other than Ni3C (unstable 
above 350°C) are involved in the fast process of carbon'form-
ation observed. The results are consistent with the forma-
tion of several new carbides, as designated by the letters 
P, Q, L, M. Other possible carbides were also observed 
(W, X, Y and Z). There are some approximate relations 
between the parameters of several phases that suggest that 
superlattices are involved (N, Y and W; M and Q; Ni3C, Z 
and X). 
It is surprising that x-ray diffraction shows that P carbide 
is the dominant product up to quite late stages, as in RUN 
15 (see Fig IV.1-C) and in RUN 110 (Fig IV.3-B). It is only 
when powder is collected from heavy carbon deposits that 
carbon is the major component. The discussion of the 
phases that might be involved in the process of carbon form-
ation is summarized in TABLE IV 6. 
The coincidence of the (210) interlayer distance of P carbide 
(TABLE IV 3) and de in graphite may not be accidental, and 
an epitaxial relation may be involved. It can also be seen 
in TABLE IV 4 that the crystallite dimensions Lc and L are 
of the same order of magnitude. 
In the light of these results it is possible that the 
decline in.the rate of carbon formation (or carburization) 
above 550°C is related with the solid reactions involved. 
The suggestions put forward as to the structure and the role 
of the solid phases observed can only be regarded as tentative 
EARLY STAGES (SAD): 
ANNEALING 
NO SHORT LONG 
M 
	L, M 	L, M, N 
NO YES YES 
Conclusion: Phase N is not necessary for 
fast deposition. Phase M is not 
sufficient. L is probably the 
important phase. 
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Phases present 
Does speed up occur? 
LATER STAGES (X-RAYS) 
Phases present 
Does speed up occur? 
REACTION TEMPERATURE 
475°C INTERMEDIATE 5750C 
P 	P, Q 	Q 
YES 	YES NO 
•	 
Conclusion: Phase Q is not sufficient. 
P is probably the active phase. 
TENTATIVE MECHANISM: 
NICKEL 4 L 4 P 4 Graphite 
TABLE IV 6 - DISCUSSION OF THE PHASES INVOLVED IN THE 
.FAST DEPOSITION PROCESS 
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although the results show some degree of internal consist-
ency. A more careful and more comprehensive study, outside 
the scope of this thesis, would be required to establish 
the mechanism of the process in detail. Diffraction studies 
coupled with thermomagnetic analysis could be especially 
interesting (HOFER - 1956, SELWOOD - 1962). One interesting 
point arose because of the interaction of the inductance 
of the furnace used in this work with the ferromagnetic 
nickel, whence it was found that the carburized foils 
showed a Curie point about 15°C below the normal Curie point 
of nickel (358°C). 
CHAPTER IV 4 
ELECTRON DIFFRACTION STUDIES ON IRON 
A) RESULTS 
The deposits formed on iron foils were'in general too 
thick for electron diffraction work. For this reason, 
samples with very low deposits had to be especially pre-
pared, as shown in Fig IV.17. The graphite observed was 
always polycrystalline (Fig IV.17-E), occasionally showing 
preferred orientation of the c axis (Fig IV.17-F). Another 
phase (phase S), was observed several times, associated 
either with regions as shown in Fig IV.18-A or with the 
needle crystals shown in Fig IV.18-C. The patterns are 
reproduced in Figs IV.18-B and D respectively. The similar-
ity of the measured d-spacings with those of the mineral 
priderite (ASTM card 6-0296) was of great help in indexing 
the rings. It has been found that this phase has a body 
centred tetragonal cell with the dimensions a = 10.23 A and 
c = 2.96 A. The observed and calculated d-spacings are 
given in TABLE IV 7. The patterns presented in Fig IV.18-E 
and F could not be interpreted. 
No diffraction patterns could generally be obtained for 
heavy carbon deposits (Fig IV.19-A and C). However, thin 
platelets (B) and the edges of whiskers and spikes (D) 
occasionally offered the right thickness: the selected area 
diffraction patterns (SADP) shown in E and F were obtained 
in this way. The relationships between the parameters of 
these two patterns and the data from a pattern that could 
not be identified by RENSHAW, ROSCOE and WALKER (1970) 
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RUN 56 
RUN 55 
B)x 900 (5E14 
c)x5:00o(rEt1) 0)X50,000(rEti) 
RUN 51-: RUN 55 
A)x t700(SE11) 
,g IN 55 
F) SADP 
RUN TEMP PRESSURE WEIGHT TIME 
°C 	tort 	"3/C ml  Min 
595 147 25 20 
595 149 15 8 
N° 
55 
56 
Pt_ A TE XVII  
• 
RUN 55 
E) SADP. 
176 .52: 97 
D) 5ADP 
F) 5ADP 
PLATE' 
A)X6000 (rEM) 
g)5ADP 
B) 5ADP 
F/612r. 18 
PLATE 
A)x800 st 1 ) 
c)x 4,100 
g) GAUP 
B)x50,000(7-01) 
p)x.50000(Tk-fri) 
F 5AD P 
PUN 50 
149 79, 
	 19' 
INTERLAYER SPACINGS, R 
. h k 1 
PRIDERITE 
d, 	'A FIG IV 18-B FIG IV 18-D CALCULATED 
7.26 7.20 7.23 110 7.14 
5.24 5.12 5.12 200 5.05 
3.59 3.59 220 3.58 
3.23 3.20 3.23 310 3.20 
2.50 2.47 2.48 211 2.47 
2.23 2.23 2.23 301 2.23 
2.05 2.05 2.05 321 2.04 
1.90 1.89 1.90 411 1.89 
1.71 1.72 1.71 600 1.69 
1.60 1.59 1.61/1.57 521/620 1.59 
1.48 1.47 1.48 002 1.48 
1.41 1.40 1.41/ 640/541 1.40 
1.35 1.37 1.35/1.36 312/631 1.35 
TABLE IV.7 - OBSERVED d-SPACINGS FOR PHASE S AND CALCULATED 
VALUES FROM THE TETRAGONAL CELL a = 10.23 A, 
c = -2.96 A. d-SPACING FOR PRIDERITE (ASTM card 
6-0296) ARE ALSO GIVEN. 
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suggested that the three could all come from the same 
phase. 	After laborious calculatior,s it has been found 
that the three patterns can be regarded as patterns of 
[111,), 	[001] and [110.] orientation from a phase with 
orthorhombic symmetry (pseudo hexagonal) and the cell 
0 	0 	0 dimensions a = 8.9 A, b = 5.0 A and c = 13.2 A, as shown 
in TABLE IV 8. The cell dimensions vary a little from 
pattern to pattern. 
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k. 231 
1NTERLAYER 	SPACINGS , d, A I h KL 
TH/5 	WORK REA/51/Awi 
ROSCOE, 
and WALKER 
RusToN, 
WARZEE 
et 	L. 
CALCULATED FROM 
T//E ORMOR1/0101C CELL 
a=8.92, b.500 FIG..72.19-g F16.N.19-1- 
[ 11 1 ] [001) [1i0] Powder C. -13.20 
4.46 446 200 
4.41 4.36 4.33 436 110 
4.17 4.14 111 
3.66 3. C4 3. 64 H 2 
(3.38) 3.33 ( 210) 
2.65 2.65 263/2.65 114 /204 
253 2.53 2.55 310 
2.49 2.5012.51 020/311 
2.22 2.25 400 
2.21 2.18 220 
2.15 2.15 221 
2.01 2.02 2.02 314 
(1.895) 1.913 (320) 
1.835 1.665 1.847 404 
1.816 1.805 1.819 224 
1.686 1.667 420 
TABLE ff.8- COHPAR/50N OF OBSERVED 	sPAcm/G5 
FOR PHASE T WITH THE CALCULATED VALUES 
PROM THE ORTHORHOMeIC CELL (13.C.) 8= 8.92 A, 
b=5:00 A , c = 13.20 A AND WITH DATA PROM 
REA/SHAW et al. (1970) AND FROM RusroN et al. (f969). 
232 
B) DISCUSSION 
Considerable effort has been made over the years to under-
stand the mechanism of carbon formation from CO dispropor-
tionation over iron and there is still no agreement even on 
the nature of the active catalytic species (RENSHAW, ROSCOE 
and WALKER - 1970, RUSTON, WARZEE et al - 1969). Deposition 
from hydrocarbons must be basically different, but if 
carbon atoms are involved, the same solid phase reactions 
and a similar mechanism for growth may be expected. 
The presence of the phases S and T identified in this work 
suggest that similar complexity to the one found in the 
CO/Fe system exists here. Phase T, which has already been 
shown to be a possible intermediate carbide (ROSCOE et al - 
1970) is also likely to be the active iron carbide identi-
fied by RUSTON et al (1969) as Fe7C3. However, this 
identification was quite arbitrary, as pointed out by 
ROSCOE et al, and the matching of the lines with those 
calculated from the cell of phase T is at least as good if 
not better. Several objections can be made, however, such 
as the absence of certain lines and the observation of (210) 
and (320) reflections from a body centred lattice (TABLE 
IV 8). The (210) reflection coincides with the strongest 
line of graphite and, being the faintest detected ("just 
perceptible"), could be due to a trace of carbon. 
The mechanism based on y-Fe203 (spinel structure) put forward 
by RENSHAW, ROSCOE and WALKER (1970) does not apply to the 
case of hydrocarbons where dehydrogenation or hydrogenolysis 
is involved. In addition the maximum in reaction rate at 
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ca 6000C advanced as a proof of their proposed mechanism 
is also observed in the deposition ,from hydrocarbons on 
iron, cobalt and nickel in the presence of hydrogen. The 
above arguments cast some doubts on the mechanism proposed 
by these authors and, in the light of the present results, 
it seems more likely that a mechanism involving metastable 
carbides operates generally in processes of carbon forma-
tion on iron, cobalt and nickel. 
The structures proposed for phases S and T pose the question 
of the nature and the composition of these phases. Although 
the possibility of phase S being a complex oxide cannot be 
ruled out, it is worthwhile comparing the crystal symmetry 
and cell dimensions with the numerous iron carbides that 
are well known or have been proposed as listed in TABLE IV 9. 
It is interesting to note that phase T is related to 
cementite, having a cell with the same symmetry; double a 
and c dimensions and same b dimension.. This infers a cell 
four times as large as cementite. Similarly, phase S is 
related to a-iron and martensite although having approximately 
treble a and b dimensions. One satisfactory suggestion is 
that the concept of superlattices may be the key to the 
structure of these S and T phases, with the carbon atoms 
occupying selected octahedral interstices, as in the case 
of martensite. Further discussion of this point depends on 
more evidence from crystallography and is outside the scope 
of this thesis. 
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No 4 PHASE CRYSTAL SYSTEM CELL DIMENSIONS 
a b 	' c 
1 Ferrite B C C 2.86 - - 
2 y- Fe F C C 3.56-3.60 - - 
3 Martensite tetragonal,b c 2.85 - 2.86-3.10 
4 c- Fe3C H C P 2.73 - 4.33 '5 Fe3C Orthorhombic 4.52 5.09 6.74 6 Fe2C H C P 2.755 - 4.349 7 Fe - C Orthohexagonal 4.3 2.5 6.7 
:8 (Fe2-C) Monoclinic 2.794 2:70 4.360 
9 Fe7C3 Hexagonal 6.882 - 4.540 10 Fe20C9 Orthohexagonal 9.04 15.66 7.92 
11 Fe24C Monoclinic 11.56 4.573 5.058 
12 Fe 	-.1C Orthorhombic 3.82 4.72 12.5 
13 Fe - C Hexagonal 6.27 - 21.4 
14 Fe - C Cubic 3.87 - - 
15 Fe - C Monoclinic 2.79 - 4.36 
. 
16 Phase S tetragonal,b c 10.23 - 2.96 
17 Phase T Orthohexagonal 8.92 5.00 13.20 
FROM: - ASTM x-ray Powder Diffraction File 
- "Constitution of Binary Alloys" HANSEN (1955), ELLIOTT (1965- 
1969) 
TABLE IV 9 - COMPARISON OF THE PHASES S AND T WITH THE VARIOUS 
KNOWN OR PROPOSED IRON CARBIDES 
COAICLUSIOAIS 
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CONCLUSIONS 
The ability of group VIII and IB metals to deposit carbon 
from light aliphatic hydrocarbons at temperatures below 
600°C was found to be restricted to iron, cobalt and 
nickel. This result agrees with other systems reported 
in the literature, and also with the catalytic activity 
in the gasification and in the graphitization of carbon. 
2 Hydrogen was found to favour the process of deposition. 
In the absence of hydrogen, induction periods are observed, 
especially at low pressures/temperatures. 
3 The process of carbon formation on nickel was studied in 
some detail. An autocatalytic reaction was observed lead-
ing eventually to a fast steady-state deposition. 
4 The kinetics of the deposition under steady-state conditions 
were studied in some detail. This fast reaction seems to 
be restricted to unsaturated hydrocarbons and an Arrhenius 
plot of the rate shows a maximum in the region 500-550°C 
(Tmax) for all the olefins used and for acetylene. Apparent 
activation energies obtained below Tmax were approximately 
constant for all hydrocarbons at 33±4 kcal/mole. The orders 
to the hydrocarbon were zero below Tmax and one above that 
temperature. The orders to hydrogen were more difficult 
to determine due to the presence of short term and long 
term effects in some cases, but were found to be always 
between zero and one. Nitric oxide was found to be a 
strongpoison for the reaction, but helium and air had no 
effect. The only gaseous product that could be detected by 
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G L C was hydrogen. 
5 A model was suggested for the steady-state deposition assum-
ing hydrogenolysis and dehydrogenation on the nickel 
surface and diffusion of carbon through nickel to active 
growth regions. A Langmuir-Hinshelwood mechanism is assumed 
to explain the orders of reaction observed and the drop of 
the rate above Tmax. 
The experimental set up used was proved to be of great use 
in this type of study, and although the reproducibility was 
not very good, it was possible to evaluate orders of 
reaction and activation energies with reasonable accuracy. 
An automatic range switch was constructed that enabled 
reactions with long induction periods to be studied in 
detail. However, a thermogrametric system incorporating time 
derivative facilities would be more efficient for this type 
of study. 
7 The effect of pretreatment was tested, and it was found 
that annealing favours deposition in the initial stages, 
while a reduction delays the process. The order of admission 
of the reactants in hydrocarbon-hydrogen mixtures was also 
found to be important at higher temperatures (550°C), the 
reaction being favoured if the hydrocarbon was admitted 
first. The steady-state rate of deposition was found not 
to be dependent on these factors. 
8 Studies of the acceleratory period have shown that the 
amount deposited (w) varies with time (t), generally 
according to a power law of the type 
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= k to  
with n between 1.3 and 4.5, although an exponential relation-
ship was observed in a few cases. These results were 
discussed in terms of crystal growth theories. 
9 Stereoscan Electron Microscopy studies have shown that the 
morphology of the deposits is not dependent to any extent 
on the hydrocarbon used, but is very much affected by the 
presence of hydrogen and varies from metal to metal. The 
effect of the pre-treatment of the sample on nucleation was 
also studied. It was found that in some cases nucleation 
is mainly a surface phenomenon, while in others it occurs 
in the bulk of the metal and causes disruption of the metal 
structure. 
10 X-ray and electron diffraction studies on deposits formed 
on nickel and carbon have shown that various crystal phases 
are involved in the process. The crystalline structures of 
the more important phases were determined and their possible 
role in the process was discussed. Whether these carbides 
are only intermediate solid phases or are capable of acting 
as catalysts for the decomposition is not established. An 
alternative satisfactory kinetic model for the mechanism 
can be suggested assuming a carbide to be the active catalyst. 
The growth of the new phase would explain the initial accel-
erating of deposition observed. It would be a similar effect 
to that reported very recently by SINFELT and YATES (1971) 
of increasing activity of molybdenum for ethane hydrogen-
olysis with the extent of carburization. 
11 The carbon formed was analysed by several techniques and 
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found to be quite graphitic. The porous long term deposits 
N. obtained were found to be very porous (100 m2/g), to have 
a C/H atomic ratio of the order of 6 and to contain 
nickel unevenly distributed at concentrations up to a few 
per cent, probably decreasing with the extent of deposition. 
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